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Various in-situ technologies are being used in 
environmental remediation activities to remove non-aqueous 
phase liquids trapped in soil by capillary forces. Most of 
these technologies do not apply to oils of low volatility 
that are immiscible with and less dense than water and are 
trapped in the soil's vadose zone. Waterflushing leaves 
high residual saturations and may bypass much of the zone 
above the water table. Vacuum aeration targets the more 
volatile oils. Bioremediation may progress very slowly if 
the contaminant saturation is high.
This research investigates another approach that has 
been utilized for enhancing crude oil recovery. Foams have 
been used to improve the displacement efficiency of gas 
injected into oil reservoirs. The advantages of foam 
injection compared with gas injection include a more uniform 
areal displacement and a reduced tendency for gas fingering 
through the oil. These advantages depend upon the stability 
of the foam. The potential advantages for environmental 
projects include, in addition to those utilized for enhanced 
oil recovery, the removal of contaminants above the water 
table, more effective recovery of low volatility oils, and
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enhancing the environment for microbial growth. The 
mechanisms which may facilitate these advantages include 
reducing the capillary and adsorption forces trapping the 
contaminant, decreasing the mobility of the contaminant 
displacing phase, and increasing the solubility of 
contaminant.
The efficiency of the foams to recover both #2 diesel 
and a viscous oil from uniform fine Ottawa sand was 
investigated experimentally. The sand was packed to a 
porosity of 32% in a cylindrical column 1.75 inch diameter 
by 15.6 inch long. Foams were designed to minimize the 
interfacial tension between the oil and surfactant solution, 
to minimize viscous fingering of the displacing phase, and 
to maximize the solubility of the oil in the liquid phase of 
the foam.
The injection of foam did result in recovering 
significant amounts of oil that could not be removed by 
waterflushing or air flushing. As much as 69.4% of the oil 
that remained after extensive water and air flushing was 
removed by foam flushing. The rate of removal of the 
contaminant increased 14 fold as observed by the percentage 
of oil in the liquid mixture discharging from the sand 
column. The increase in contaminant oil recovery rate was
iv
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most pronounced when the viscosity of the liquid phase of 
the foam was designed to minimize viscous fingering. The 
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Many sites around the country are contaminated with 
hazardous material. The number of sites requiring cleanup 
depends upon the assessment used in the inventory, but in 
1985 the number generally ranged from 1,500 estimated by the 
Environmental Protection Agency, EPA, to 7,113 in the 43 
states surveyed by the Association of State and Territorial 
Solid Waste Management Officials (1). Of these 23 to 56% 
will require some form of groundwater response. The cost 
per site to complete a cleanup was estimated at $6.7 to 
$13.3 million dollars with a total cost of up to $33.3 
billion dollars. The Superfund1 inventory in 1988 listed 
29,065 sites of which 8,703 had been inspected and of these 
951 were included in a National priority list, NPL. By 
1988, 8 years after the creation of the Superfund, 8 site 
remediations had been completed (2).
There are at least 80 technologies available for 
cleanup of hazardous waste sites (3). Some are methods
The "Superfund" was created by the Comprehensive 
Environmental Response, Compensation and Liability 
Act or CERCLA of 1980. This law was amended in 
1986 with the Superfund Amendments and 
Reauthorization Act or SARA.
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for isolating or containing the contaminant, others for 
removing and treating the contaminant, and still others to 
render it innocuous. The current trend is to use a variety 
of technologies for a treatment. Generally the site will be 
isolated from the rest of the environment, the source of the 
contaminant will be removed and the site restored. The 
research in this thesis addresses a certain type of 
contamination problem? that of light non-aqueous phase 
liquids, LNAPLs, in soil. Furthermore it is focused on an 
innovative technique to remove LNAPLs from the soil, 
particularly the less volatile, more viscous types 
associated with refined oils, that cannot be easily targeted 
by methods relying upon the volatility of the oil, such as 
vacuum extraction. It is amenable to an integrated 
approach, in which various technologies are applied 
concurrently and/or sequentially to provide the highest 
degree of cleanup in a feasible time period, at a reasonable 
cost.
This thesis explores the use of surfactant plus polymer 
foams to remove LNAPLs from soil. The mechanisms of the 
removal include: reduction of interfacial tension between 
oil and water? reduction of air and water surface tension? 
mobility control of the liquid phase? transport of the 
liquid displacing phase by foam? solubilization of the oil.
T-4127 3
To understand the nature of the technology, a considerable 
amount of background information is provided. Chapter 2 
discusses soil contamination by oils. The chapter also 
illustrates the mechanisms that trap LNAPLs in a porous 
media and how surfactants can be used to reduce the mass of 
LNAPL held within a porous matrix. The rheological 
characteristics of polymers used to improve the displacement 
efficiency of one liquid by another are examined in Chapter
3. The chapter discusses the mechanics of displacement from 
a porous media of one fluid by a second immiscible fluid. 
Chapter 4 gives a historical perspective of the use of foams 
in porous media, as well as insight into the mechanics of 
foam flow.
The experimental research begins with Chapter 5. This 
chapter describes the experimental procedures and equipment 
used. Chapter 6 compiles the results of the 
experimentation. Chapter 7 discusses these results and 
Chapter 8 presents some conclusions.
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Chapter 2 
Soil Contamination by Oil
Soils can be saturated with three phases of immiscible 
fluids: air, oil and water. Figure 2.1 shows several 




Figure (2.1) Soil Contaminated with
Oil
The shaded areas of the figure represent sand grains 
and the black areas represents an oil. The upper oil 
saturation is referred to as pendular saturation in which a 
large pore contains a fluid that is trapped by capillary
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pressure. The center of the figure shows what may occur as 
low saturations of a liquid become surrounded by an 
immiscible liquid. The drop shapes are roughly spherical to 
minimize the surface exposure and are too large to move 
through the pore throats. This is referred to as an insular 
saturation. The bottom of the figure shows a funicular 
saturation that is continuous, but surrounded by another 
continuous phase.
The various factors which contribute to the retention 
of oil by soil include (4):
1. fluid-fluid interactions such as interfacial 
tension between oil and water
2. fluid-rock interfacial properties which define the 
wettablity and adsorption
3. physical properties of the fluids such as density 
and viscosity
4. the geometry of the porous matrix which affects 
the capillary forces
5. the pressure gradient.
Items 2 through 5 are manifest in the concept of relative 
permeability. Interfacial tension, relative permeability 
and their interdependence is the topic of this chapter.
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2.1 Interfacial Tension
When two phases are in contact with one another, there 
exists an interface separating the two. Molecular 
interactions within a bulk phase are different than 
interactions at the interface. The molecules at the 
interface must interact with similar molecules within its 
phase and dissimilar molecules across the interface. There 
is no net force on a molecule within a bulk phase, whereas 
the force becomes imbalanced at the interface. The surface 
free energy is the work required to bring a molecule from 
the phase interior to the interface. Surface tension refers 
to the work required to expand the interface. More 
precisely, surface tension is the force per unit length at a 
right angle to the force required to pull apart surface 
molecules to allow insertion of molecules that expand the 
surface. Because the molecules that make up the expanded 
surface must come from the interior of the phase, (the 
molecules do not stretch) the terms surface free energy and 
surface tension are referred to interchangeably. Surface 
tension is more of a mechanical term whereas surface free 
energy is a thermodynamic term. Surface tension generally 
refers to a liquid-gas interface. Interfacial tension 
refers to the interface of any combination of solid, liquid, 
or gas and so is more generic.
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On a molecular scale, the region of unbalanced forces 
does not extend very far from the surface. One of the 
primary intermolecular forces are the van der Waals forces 
which decrease on the order of the seventh power of the 
intermolecular distances. Thus there is only a shell or two 
of neighboring molecules below the surface that are affected 
by this force imbalance (5). The resulting image is that 
of a thin membrane between two phases. This idea has some 
utility in, for instance, considering the force needed to 
expand a soap bubble or the weight of a drop required to 
detach from some surface. It is actually an incorrect image 
because the surface is in equilibrium with both phases and 
so there is an interchange of molecules to and from the bulk 
phases. But the membrane idea persists to the degree that 
experimentally we measure the strength of the membrane for 
surface tension rather than the surface free energy.
Probably the most commonly considered manifestation of 
surface tension is capillarity. The equation of Young and 
Laplace is the fundamental equation of capillarity:
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AP = Y + (2.1)
where:
AP is the differential pressure across a curved
interface
Y is the surface (or interfacial) tension
rx is the radius of curvature along one plane
r2 is the radius of curvature along a perpendicular
plane
In a capillary with a circular cross section as in 
Figure 2.2, the meniscus will have only one radius of 
curvature and the equation becomes the familiar:
AP = y —  r
A P = A pgh (2.2)
h - ^ L -Ap gr
where: r is the radius of the capillary
Ap is the difference in fluid density
g is the gravitational constanth is the height of the column above the
surface
The significance of equation 2.2 is that the capillary 
pressure is proportional to the surface (or interfacial) 
tension.
In the example of a capillary we assume that one of the 
liquids completely wets the capillary so that its contact 
angle is zero. Thus, the radius of curvature of the
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Figure (2.2) Geometry of Capillary Rise
interface is the same as the radius of the capillary. A 
more general case in which the liquid has some contact angle 
0 with the capillary wall may be written as:
h = 2ycos6 
Ap gr (2.3)
The implication of equation 2.3 is that wetting 
properties of the fluids play as significant of a role in 
determining the capillary pressure as does the surface 
tension. If we increase the contact angle by changing the
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wetting properties, we increase the radius of curvature and 
decrease the capillary pressure.
The fluids studied in this thesis were #2 diesel oil 
supplied by Conoco, a viscous oil blend of diesel and vacuum 
pump oil, deionized water, surfactant solutions of deionized 
water, and air. Because the oil and water are not miscible 
they will have an interface with some surface free energy. 
Within some confining capillary such as the pore throat 
interconnecting the spaces between sand grains, the water 
will preferentially wet the sand grain surface. This is the 
result of the interaction of the polar solvent (water) and 
the negative charges on the sand surface. The wetting fluid 
will always have a lower pressure than will the non-wetting 
fluid across the curved interface. The radius of the pore 
throat is the geometric constraint that defines the 
capillary pressure. The contact angle is the constraint 
involving fluid-rock interactions that defines the capillary 
pressure. Finally, the interfacial tension between the oil 




One remediation technique used for a site contaminated 
with a liquid hydrocarbon is to flush the soil with water. 
The flushing imposes a controlled pressure gradient. Any 
mobilized hydrocarbon can be collected at a recovery well, 
separated from the water, and the water disposed of or re­
injected. Many contaminant plume control projects involve 
nothing more sophisticated than controlling the hydraulic 
gradient. In some cases, the court ordered record of 
decision for the cleanup of a particular site amounts to 
controlling the movement of the plume hydraulically, and 
flushing enough water through the contaminated zone to 
solubilize the "indicator" constituents of the plume. The 
contaminant may be made up of dozens of individual 
compounds, each with different water solubilities. The 
solubility is often very low and requires large volumes of 
water flush to reduce the amount of any immobile, trapped 
contaminant. The indicator constituents are a 
representative cross section of the individual compounds and 
are often those which pose the greatest hazards.
Collectively the individual compounds may preferentially 
partition into a hydrocarbon bulk phase that is not miscible 
with water.
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The flow of a liquid in a porous matrix depends upon 
pressure, thermal and/or chemical gradients (6). For 
laminar, steady-state flow of a fluid with only a pressure 
gradient, the flowrate is empirically defined by Darcy's 
law:
g = M ( - V P )  (2.4)n
where: K = absolute permeability
q = flowrate
(-VP) = pressure gradient 
H = fluid viscosity 
A = area of flow-path
The calculation of one fluids flowrate becomes more 
difficult when more than one fluid is involved. For multi­
phase flow, Darcy's law may be written as:
Ak iK __ . .
Qi = --—  (-VP) i (2.5)Hi
where: kL = the relative permeability of the ith phase
qL = the flowrate for the ith phase 
(-VPJi = pressure gradient of the ith phase 
pL = the ith phase viscosity
The term ktK is the effective permeability of the phase or
the permeability determined as if it were the only phase
flowing.
Unsteady state flow can occur if the pore space is 
filled with more than one fluid and the saturation of either 
fluid is changing. The flowrate of each fluid depends upon
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the pressure gradient and the relative fluid saturations. 
Buckley and Leverett (7) first proposed this, introducing 
the concept of relative permeability.
Relative permeability equations have been cast using 
functions that can be experimentally measured. Generally, 
measurements are made using linear displacement tests with a 
cylindrical sample of the porous material. One of the 
fluids is at a "residual” saturation which is the lowest 
saturation achieved by flushing with the other immiscible 
fluid. The saturation is increased above residual by 
injecting the low saturation fluid phase or displacing phase 
at constant rate and measuring the differential pressure 
drop across the porous material and the incremental 
fractions of the two fluids produced from the porous 
material. Typically these unsteady state experiments are 
performed with the water displacing oil. If water is the 
wetting fluid, this is an imbibition process. From the 
slopes of a function of oil production versus water 
injection curves and a function of pressure drop versus oil 
production curves, the relative permeability may be 
calculated at some point along the porous media. This 
approach to determining relative permeability 
characteristics was first proposed by Welge (8) to 
calculate the relative permeabilities ratios. Johnson,
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Bossier and Naumann (9) devised a method to calculate the 
relative permeability of each fluid.
The derivation of relative permeability equations often 
begins with continuity relationships. One model is to 
consider the fractional saturation of a phase SLr a distance 
x in a porous matrix of porosity 0, with a constant cross- 
sectional area A, at a time t. The continuity equation can 
be written as:
This can be transformed to:
an equation for the fluid velocity of a plane of fixed 
saturation. In order to continue the derivation, some new 
terms must be introduced. The first is the fractional flow 
of a fluid, fi_. Using the notation fx for the displaced 
phase and f2 for the displacing phase fractional flow, the 
displacing phase fractional flow is defined as:
Using the multi-phase Darcy equation, (2.5) for the 





Aj</A (-vp) +A(_vp)2̂ 2
This implies that the fractional flow of a fluid phase is 
dependant upon its effective permeability, viscosity and 
pressure gradient compared to the total system effective 
permeability and pressure gradient. Traditionally, the 
simplifying assumption made is that the VPL term is the same 
for all phases. The assumption means that the effects of 
capillary pressure are ignored which is reasonable if the 
imposed pressure gradient is relatively larger than the 
capillary pressures. The expression can then be presented 
as:
The ratio, kj/ZLî is the "mobility" of the ith phase, which 
can be seen from the Darcy equation is a proportionality 
factor for fluid velocity in a porous media.
The total flowrate, Q, is equal to qx + q2. Then from 
equation (2.8), f2 = q2/Q* Thus, we can write:
(2.10)
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, = < f )
This can be substituted into equation (2.7). We also assume 
that the fractional flow is a function of saturation only 
allowing the use of the total derivative:
(.|£) = -0-^2- (2.12) 
\dt). ds2
This implies that a fluid saturation will progress through 
the porous matrix at its own velocity.
The expression for relative permeability is derived 
from the fractional flows of the displacing and displaced 
fluid:
A
A  = _î2_ (2.13)A A 
1*1
This states that the fractional flow ratio is the mobility 
ratio. Rearranging (2.13) yields:
(2.14)
Hence, the term "relative permeability" because the 
permeability of the displacing phase is defined in terms of
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the displaced phase. The problem is then to find the 
relative permeability of the displaced phase. This is done 
by rearranging Darcy's law for multi-phase flow:
1c = (2.15)
kl AK(-VP)1 { }
If we consider that the relative permeability is 
experimentally derived from a porous specimen, that the 
pressure drop is along the length of the specimen, the 
pressure drop is the same for all phases and assuming 
infinite cross-conductivity (so that pressure differences 
that develop across any cross-sectional plane can be 
immediately compensated for by unrestricted flow), we can 
replace the VP term with the integrated form, AP/L where L 
is the length of the specimen.
Rearranging Darcy's law for single phase flow to solve 
for the absolute permeability, K, in terms of experimentally 
derived pressure measurements yields:
K = -?*** a (2.16)
A APa
Here the subscript "a" refers to the fluid used to measure 
the absolute permeability. Substituting (2.16) into (2.15) 





The term in parenthesis is referred to as the effective 
viscosity by Jones and Roszelle (10).
Recall that f* = qi/Q. Therefore, q1 = ^Q. Using this 
and substituting (2.17) into (2.14), results in an equation 
for the relative permeability of the displacing phase in 
terms of experimentally measurable quantities:
The relative permeability is a function of saturation. 
The saturations of the phases are different along the length 
of a porous specimen that has one phase displacing another. 
The relative permeabilities must be referenced to a 
particular cross-section of the specimen and the saturations 
measured at this point. The produced oil and water cut at 
the outlet end of the core are equal to the fractional flow 
at the outlet. The effective viscosity term must also be 
determined for the same location. Jones and Roszelle 
formulated a graphical technique for determining the 
relative permeability of each phase for saturations at the
A P V 1




end of the specimen using either constant flowrate or 
constant pressure experiments. An example relative 
permeability curve is depicted in figure (2.3).
Ĵ 0.9 
0.8 x K0/ K 0b,  o Kw/K0b*J 0.7o
0.6
15 0.5o
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Figure (2.3) Relative permeability versus water saturation
for a typical oil and water in a water-wet 
porous media.
There were two significant simplifying assumptions made 
in the derivation for relative permeability above. One is 
that capillary pressure effects are ignored by equating the 
VF term in equation (2.5) for all phases. The significance 
of this is addressed by Wright and Dawe (11) and an 
improved method for determining relative permeability
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characteristics including capillary phenomena was proposed 
by Sigmund and McCaffery (12). As the residual 
saturation of the displaced phase is approached, the 
pressure difference between the two phases becomes greater 
due to the relative increase in the amount of one fluid held 
in capillaries. The other assumption is that there is an 
infinite cross-conductivity within a cross-section of 
constant saturation.
A final and important point concerning relative 
permeability is that the saturation of a fluid in a porous 
media has to reach a certain level in order to flow. This 
saturation is referred to as the residual saturation. The 
residual saturation is discontinuous within the porous media 
and is trapped by capillary pressure. Without overcoming 
the capillary forces, theoretically no free-phase fluid can 
be mobilized unless its saturation is increased.
2.3 Relative Permeability and Interfacial Tension Reduction
The shape of the relative permeability curve will be 
affected by the same factors that control capillary forces; 
the pore geometry, the wetting properties, and the 
interfacial tension. The pore geometry or capillary 
dimensions, depends upon the size distribution and shapes of 
the soil particles. Wettablity controls the contact angle
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of the interface. The contact angle can be defined in terms 
of the adhesive tension which is the difference in opposing 
solid-liquid tensions. The relationship for adhesive 
tension, referred to as the Young-Dupre equation is:
“ Y so ~ Y svr ~ Y w a P ®  wo (2.19)
where: At = Adhesive tension
yso = solid-oil interfacial tension 
ysw = solid-water interfacial tension 
ywo = oil-water interfacial tension 
0WO = oil water contact angle
The wettablity is thus a function of the oil-water 
interfacial tension. Previously it was noted that the 
capillary pressure was directly proportional to the 
interfacial tension. The shape of the relative permeability 
curve can be changed by significantly reducing the 
interfacial tension. This is most pronounced as one 
increases the wetting phase saturation to the point that the 
non-wetting phase becomes discontinuous and immobile. An 
example of a relative permeability curve which includes the 
shift of saturation by reducing the capillary forces is 
depicted in Figure 2.4.
The only factor mentioned that determines the relative 
permeability which cannot be influenced by surface or 
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Figure (2.4) Oil and Water Relative permeability versus
water saturation for a water only and an 
interfacial tension reducing agueous system
The relative permeability of a fluid is a function of 
its saturation. The relative permeability curve gives no 
indication about how that saturation is achieved. If we 
impose a great enough pressure drop across a porous matrix 
we should be able to overcome the capillary pressure that 
has trapped the residual phase. This is not usually an 
alternative for removing the residual oil saturation because 
of limits on pressure and flowrate. In laboratories where 
relative permeability data is routinely generated, flowrates
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must be limited because of the difficulty of obtaining 
fractional flow information at the high flowrates needed for 
large pressure changes.
A parameter often used to predict whether additional 
oil can be recovered by water flushing is the capillary 
number. The capillary number is a ratio of viscous forces 
divided by capillary forces. Because the forces may be 
written in various ways, the representation for capillary 
number differs. Two common depictions are:
(2.20)
" c a = - f f  ( 2 - 2 1 )
where: v is the average velocity of the flowing fluid
H is the viscosity of the flowing fluid 
y is the interfacial tension 
AP/L is the pressure gradient.
Various investigators have found critical capillary 
numbers above which additional residual phase may be 
recovered (13). The capillary number can be increased 
by increasing the velocity of the flowing fluid, the 
viscosity or by decreasing the interfacial tension.
Oil-water interfacial tension reductions of 3 or more 
orders of magnitude are possible using aqueous surfactants.
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Corresponding increases of capillary number are not 
generally feasible by increasing the flowrate. Interfacial 
tension reduction permits the water to enter the pore 
constrictions blocked by oil. If the porous matrix is 
water-wet the immobile oil will be at a higher pressure than 
the flowing water because the wetting phase is always at a 
lower pressure than the non-wetting phase in a capillary 
system. Any water entering the pore will surround the oil. 
Using a surfactant system, the surface free energy will be 
reduced and the oil globule will require less work to 
distort and will more readily pass through an adjacent 
constriction. This permits mobilization of the oil. The 
mobilized oil may coalesce with other oil ganglia increasing 
the continuity of the oil to form a mobile "bank" of oil.
As the saturation of oil increases, the bank picks up more 
oil and the relative permeability of the oil increases 
because of local saturation increases. Thus, decreasing the 
interfacial tension can significantly reduce the residual 
saturation of a fluid by reducing the capillary trapping 
forces.
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2.4 Surfactants and Interfacial Tension
Surfactants dissolved in a solvent tend to increase the 
free energy of the system. This increase in free energy 
means that less work is required to bring a surfactant 
molecule to the surface from the interior than to bring a 
solvent molecule. Surfactants, therefore, tend to 
concentrate at surfaces (or interfaces). The increase of 
free energy is due to the disruption or distortion of the 
solvent liquid structure (14). The molecular 
characteristic of surfactants are that they have a 
structural group that is attracted to the solvent 
(lyophilic) as well as a structural group that repels the 
solvent (lyophobic). In an aqueous system, the groups are 
referred to as hydrophilic and hydrophobic. Generally the 
hydrophilic group is either ionic or polar and the 
hydrophobic group is non-polar.
Surfactants that spontaneously concentrate at the 
interface orient themselves such that the lyophilic 
molecular structure is within the solvent and the lyophobic 
structure is away from it. The interactions of the solvent 
molecules are then with the lyophilic portion of the 
surfactant and the interactions of the fluid immiscible with 
the solvent are with the more similar lyophobic structures. 
This reduces the force imbalance at the surface which
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reduces the surface (or interfacial) tension. For aqueous 
solutions of surfactants exposed to air, the hydrophilic 
portion is in the interface directed to the water while the 
hydrophobic portion points to the mostly non-polar air. The 
tension across the interface is significantly reduced. The 
situation is analogous for interfacial tension between 
aqueous surfactants and oil where the hydrophobic portion is 
oriented into the non-polar oil phase. In fact, in this 
study it was found that those surfactants that caused the 
greatest reductions in surface tension, also reduced the 
interfacial tension the greatest.
The reduction of interfacial activity by any particular 
surfactant depends upon its concentration at the interface. 
The concentration of a surfactant at the interface is a 
measure of its effectiveness. The greatest concentrations 
can be achieved with surfactants of the least cross- 
sectional area or most efficient packing. Effectiveness, 
then is determined by the orientation and structural groups 
of a surfactant. A sterically bulky surfactant will not be 
as effective as a slim surfactant in concentrating at the 
interface.
A measure of the efficiency of a surfactant is the 





This ratio is determined by the free energy change, AG. The 
association of free energy change with interfacial phenomena 
is advantageous because the total free energy change can be 
attributed to the sum of the contributions of free energy 
change by individual molecular structural groups. This 
makes it easier to predict the interfacial properties of 
surfactants that share molecular structures. For instance, 
the efficiency of adsorption at the interface in an aqueous 
system is greater by increasing the hydrophobic nature of a 
surfactant. Thus for a linear straight chain surfactant, 
increasing the number of methylene groups will increase the 
efficiency of the surfactant. A phenyl group in the 
hydrophobic structure is equivalent to about three and one- 
half methylene groups in a straight carbon chain. Similar 
relationships hold for different surfactant classes.
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Increasing efficiency does not imply increasing the 
effectiveness of a surfactant. Continually adding methylene 
groups up to about 20 will linearly increase the efficiency 
of a surfactant, but the effectiveness decreases after about 
16 carbon groups are added. This is because the 
effectiveness depends upon the concentration at the 
interface and as the molecule gets bulkier, fewer molecules 
can sterically align themselves along the interface.
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2.5 Solubilization
Besides the reduction of residual saturations by 
reducing the capillary forces that traps it, surfactants can 
remove trapped fluids by solubilization. This is especially 
true in instances where a residual phase is trapped by 
adsorption to soil particles rather than capillary forces. 
Surfactant systems form micelles with otherwise immiscible 
liquids, which greatly increases the solubility of the 
residual phase. A micelle is an aggregation of surfactant 
molecules in a primary phase surrounding a portion of a 
second phase. For simplicity, we can envision an oil 
droplet surrounded by surfactant molecules with their 
hydrophobic portion in the oil droplet and their hydrophilic 
structure exposed to the water. Thus, the oil droplet is 
solubilized because the water interacts only with the 
hydrophilic portion of the surfactant. Even if there is no 
oil droplet, the surfactants will orient themselves in this 
manner. In water, the hydrophobic portion will orient 
itself inside the aggregate while the hydrophilic portion 
orients itself outward. In oil, the orientation is just 
reversed. However, in order for this to occur, the 
surfactant concentration must be great enough so that 
surfactant molecules are in close enough proximity to 
interact and aggregate. This occurs at the critical micelle
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concentration. Because the solubilized material is in the 
same phase as the solubilizing solution, the system is 
thermodynamically stable.
The critical micelle concentration can be determined by 
any of a variety of techniques. These include light 
scattering, solution resistivity, surface or interfacial 
tension, detergency, osmotic pressure, etc. These 
properties all show a sharp change in the slope of the 
property versus concentration of surfactant at the critical 
micelle concentration. The common denominator is that these 
physical properties are all related to the size or number of 
particles in solution. At the critical micelle 
concentration, the nature of the solution completely changes 
as the surfactant molecules aggregate. The critical micelle 
concentration is dependant upon the structure of the 
surfactant, the temperature, and the presence of 
electrolytes or organic additives.
An emulsion is a "stable" dispersion of two immiscible 
phases. Under ordinary conditions, emulsions cannot be 
formed from pure and immiscible liquids. Surfactants can 
act as stabilizing agents for emulsions. Two types of 
emulsions are recognized: water in oil, w/o, and oil in 
water, o/w. The difference between micellar solubilization 
and emulsification is one of degree. If a micellar solution
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contains enough micelles, it is called a micro-emulsion.
The density of an emulsion is typically the fraction 
weighted average of the liquids. Thus, an emulsion 
containing oil and water will form a third "phase” between 
oil and water. Also, the viscosity of an emulsion can be 
much greater than any of the components, oil or water. 
Mayonnaise, is much more viscous than the oil and water from 
which it is made.
With respect to the removal of hydrocarbons from soils, 
the significance of the micelle is that at and above the 
critical micelle concentration, significant amounts of 
immiscible hydrocarbon can be solubilized. Above the 
critical micelle concentration the solubility is practically 
a linear function of concentration (15). This was 
recognized by early research on in-situ soil washing 
(16) and (17). The early research focused on the 
use of non-ionic surfactants, possibly because of the 
greater solubilizing efficiency of these surfactants as 
compared with others. A larger scale in-situ soil washing 
pilot project also used a non-ionic surfactant (18).
Even though the surfactant system design was based upon 
mobilization of residual contaminant by interfacial tension 
reduction, significant increases in solubility were 
observed.
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A properly designed in-situ soil wash system would take 
advantage of shifts in residual saturations by reducing 
capillary trapping mechanisms through interfacial tension 
reductions, and would then remove residual concentrations by 
solubilization. The surfactant selection and optimization 
would maximize interfacial tension reduction and 
solubilization. Finally, one would ask that the chemicals 
would not sterilize the soil. Ideally, the surfactant 
system would readily biodegrade.
2.6 Surfactant Biodegradation
Surfactant biodegradation results primarily from the 
action of bacteria. Bacteria use the surfactants as organic 
matter to create new cells or provide metabolic energy. The 
degradation is not complete oxidation of the surfactant, but 
rather increases the biomass at the expense of some of the 
material as energy. An organic substance being biodegraded 
is converted into living cells and insoluble or particulate 
cellular debris. As the food source is lost and the 
bacterial population declines, a greater degree of de­
gradation can occur because other sources of food are 
unavailable. The dead population becomes metabolized by the 
survivors to the extent possible. The rate of degradation 
is greatest when the organic substance is the food source
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and the bacterial population is increasing or stable than 
when the population is in decline. The ultimate degradation 
accompanies the use of the cells and metabolic products as 
food.
Biodegradation is the breakdown of molecules by enzyme 
catalyzed reactions. Certain molecules like simple sugars, 
certain lipids, amino acids etc. are readily utilized in the 
metabolic cycle because the reactions are controlled by the 
constitutive enzymes that are present at effective con­
centrations at all times. Most compounds do not provide the 
reaction sites for these enzymes. Degradation of these 
compounds occurs only after a period of acclimation by the 
bacterial population. During this period, one of several 
things occurs (19). The most rapid acclimation occurs 
with the generation of adaptive enzymes. These are enzymes 
whose synthesis is dictated by the DNA, but the synthesis is 
suppressed by a DNA repressor. The appearance of a compound 
can attract the repressor away from the DNA and allow for 
the production of the necessary enzyme. This is a 
demonstration of metabolic economy because the enzyme is 
only generated if needed. Another form of acclimation is 
for the bacterial population to shift so that a large 
proportion of the bacterial population can produce the 
enzymes required for reactions at a particular compound1s
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molecular configuration. The population shift can be the 
result of introduction of new species, species mutation, 
adaptation of a minority population, etc.
There are dozens of tests to measure biodegradation of 
surfactants. They include using single or mixed microbial 
species, changes of environmental factors such as 
temperature, differences in the culture media, concentration 
variations, batch or continuous flow, aqueous systems or 
soils, etc. For surfactants, the degradation is often 
judged by the disappearance of surfactantcy properties like 
foaming or surfactant concentration measured by standard 
tests like the methylene blue test for anionic surfactants. 
Other methods compare degradation with indices like 
biochemical oxygen demand, BOD, or chemical oxygen demand, 
COD. An excellent compilation of surfactant biodegradation 
test methods can be found in Swisher (1987).
Generally, concentration plays a significant role in 
degradation of surfactants. At high enough concentrations 
surfactants can be very disruptive, even biocidal toward 
bacteria. They may interact with the lipid structural 
components or with proteins such as enzymes essential to the 
bacteria. The concentration threshold depends upon the type 
of surfactant and the bacteria species. Cationic 
surfactants are much more biocidal than other types.
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Nonionics are the least biocidal. Concentrations of some 
common anionic surfactants of 0.01% to 0.1% can inhibit 
degradation. On the other hand, some bacterial species can 
survive very high concentrations of surfactant, in the 2% to 
3% range once acclimated.
Several generalities can be made about surfactant 
biodegradation. Some of these are contradictory. The 
toxicity to bacteria of anionic surfactants tends to 
increase with increasing hydrophobe chain length. However, 
biodegradation is promoted by increasing the distance 
between the anionic group and the far end of the hydrophobe. 
The structure of the hydrophobic group is important for 
biodegradation. Increasing the linearity or decreasing the 
branching promotes biodegradation. The hydrophilic portion 
does not play as significant of a role. Linear primary 
alkyl sulfates do, however, biodegrade more rapidly than do 
linear primary alkyl sulfonates of equivalent chain length. 
In nonionic ethoxylates, biodegradation is promoted by 
shorter ethoxylate chain length, but the toxicity to 
bacteria increases.
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Surfactant biodegradation is an interesting and complex 
subject. There is a myriad of interrelations among 
microbial species, feeds, cultures, media, the extent of 
biodegradation, the types of surfactants, physical 
conditions, enzymatic catalysis, surfactant-protein 
interactions, etc. Swisher (7) has provided an excellent 
review of the subject.
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Chapter 3 
Mobility Control with Polymers
The ability of one immiscible fluid to be able to 
efficiently displace another fluid from soil is controlled 
by the fluids mobilities. A gas cannot efficiently displace 
a viscous oil because, generally, it would have a much 
greater mobility than the oil. The gas would "finger" 
through the oil at a greater velocity. The same problem can 
occur when water is used to displace a more viscous oil.
This chapter discusses one way to control the mobility of 
the displacing phase.
3.1 Characteristics of Polymer Solutions
Several different types of polymer have been used in 
porous media to control the mobility of water as the 
displacing phase. All are characterized as high molecular 
weight, water soluble molecules. Polymers are made of some 
basic monomer unit which is replicated or polymerized. For 
instance, one common polymer used in the petroleum industry 
for mobility control is polyacrylamide. The structure of 
polyacrylamide is shown in Figure 3.1.
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Figure (3.1) Polyacrylamide
The polymer used in this thesis is xanthan gum. It is 
a polysaccharide biopolymer made by a fermentation process. 
It is commonly used as a thickener in foods such as salad 
dressing or ketchup. It was selected for this study because 
it is non-toxic and readily biodegrades. In fact, in oil 
field applications a biocide must be added to prevent 
degradation. Xanthan gum has been used or is being used in 
at least 3 in-situ soil wash projects (20), (21),
(22). Thus, its use has some degree of acceptance by 
the regulators. The monomer is shown in Figure 3.2.
The principal utility of xanthan gum for use in porous 
media is that it increases the viscosity of the injected 
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Figure (3.2) Xanthan Gum
Mobility is defined as:
where: XL = ith fluid mobility
ki = ith fluid effective permeability 
HL = ith fluid viscosity.
By careful design, the mobility of the injected phase 
can be made equal to or less than that of the displaced 
phase. This will provide better displacement efficiency. 
Without mobility control, a high mobility fluid will move at 
a greater velocity than that of the displaced fluid. In 
this fashion it will create aqueous channels that advance 
toward the recovery well. These channels will have a high
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water saturation and will be at the water endpoint of the 
relative permeability curves. Therefore, they will provide 
a better conduit for aqueous solution flow. Once channels 
have been established between an injector and recovery well, 
these will provide the primary flow paths. Displacement of 
an organic phase near these paths will occur by stripping it 
from the boundaries of the flow paths. This scenario, 
referred to as viscous fingering, is not an efficient 
displacement mechanism.
Much more desirable is the displacement of the organic 
phase in front of the displacing phase in a more piston-like 
fashion. This will only occur if the mobility of the fluids 
are similar. Expressed in another way, the mobility ratio 
must be 1 or less for efficient displacement. The mobility 
ratio is defined as the mobility of the displacing phase 
divided by the mobility of the displaced phase. With the i 
subscript denoting the injected or displacing phase and the 





Assuming that the displacement is efficient, the 
effective permeabilities used in the calculation of mobility 
ratio are the relative permeability endpoints. This implies 
piston-like displacement with the mobility of the displaced 
phase defined by its effective permeability at its highest 
saturation condition, and the mobility of the displacing 
phase defined by its effective permeability with the 
displaced phase at residual saturation.
The difficulty in using polymers for mobility control 
is due to the viscosity terms. The viscosity of most 
hydrocarbon solutions is Newtonian in that the shear force 
is proportional to the local velocity gradient:
Shear rate has no effect upon the viscosity of these 
solutions. The viscosity is simply a proportionality 
constant. This is not true with polymer solutions. 
Solutions of xanthan gum are non-Newtonian. To demonstrate
(3.3)
where = shear force per unit area
/x = fluid viscosity 
dv*/dy = shear rate.
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this, the viscosity of the polymer solution that was used in 
many of the sandpack displacement tests was measured at 
various shear rates at 70°F. The results are shown in 
Figure 3.3 which includes measurements of the viscosity of 
#2 diesel.
o -  12 Diesel
* -  400 m g/L Xanthan gum 
x — 800 m g/L Xanthan gum 
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Figure (3.3) Viscosity versus Shear Rate of 1.0% Bioterge
PAS-8S with Flocon 4800 Xanthan gum.
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Note from Figure 3.3 that the viscosity increases as 
the shear rate decreases. This a rheological property of 
pseudo-plastics. The behavior can be related by a power law 








The equation reduces to equation 3.3 if n = 1 with m = /*•
If n is less than 1 the behavior is pseudo-plastic and if n 
is greater than 1 the rheology is dilatent. The term in 
parenthesis becomes the proportionality constant relating 
shear force to shear rate. Then, for a particular solution:




log(n) = (n-l)log-g^ + log(m)
where fi is the apparent viscosity. The log-log plot of 
viscosity versus shear rate for a pseudo-plastic should be a 
straight line with a slope of n-1. This can be seen in 
Figure 3.4. Note that the slopes of the three curves are 
nearly the same, which indicates that for a particular 
polymer-aqueous system, the pseudo-plastic behavior is 
independent of concentration. M, which is analogous to the 
apparent viscosity, n, of a Newtonian fluid can be 
calculated from the y-intercept.
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Figure (3.4) Log-Log plot of viscosity versus shear rate
for solutions of 1.0% Bioterge PAS 8S with 
Flocon 4800 xanthan gum.
The mobility ratio then becomes a function of the rate 
of shear for a polymer solution displacing an oil. If one 
knew the rheological properties of a polymer and the shear 
rate, the mobility ratio could be determined. Several 
people have derived expressions to correlate shear rate in 
porous media. Savins (23), Gogarty (24) and
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Jennings at. el. (25) all derived equations relating the 
shear rate to the fluid velocity and the porous media 
permeability and porosity. The use of these equations to 
calculate viscosity becomes difficult because of several 
factors. One is that polymer solutions often exhibit 
different rheological characteristics at different 
flowrates. Note that in Figure 3.4, the low concentration 
polymer begins to curve at low shear rate. This is a common 
phenomena which can be modelled for porous flow as was 
demonstrated by Vogel and Pusch (26) using a network 
theory rather than the power law model. Polymers also 
demonstrate shear thickening characteristics of dilatent 
material at high flowrates. This is due to deformation of 
the molecular configuration under high shear stress. 
Molecules that were generally spherical will become 
elongated. However, the strongest criticism of the use of 
power law models to predict the viscosity of the fluid is 
not due to the nature of the fluid, but to the nature of the
porous media. Because fluids will move through 
constrictions connecting pore spaces, the velocity and
therefore the shear will change on a pore to pore scale. On
a larger scale, the effects of heterogeneity become 
significant.
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A more reasonable approach might be to measure the 
mobility of the polymer solution in the porous media. The 
advantage of this approach is that one can also determine 
the concentration of polymer solution required for mobility 
control in the same experiment that the mobility ratio for 
water displacing oil is measured, as will be demonstrated. 
However, before discussing mobility control further, a 
concept must be introduced.
3.2 Resistance Factor
Resistance factor is an experimentally measured 
quantity that gives the relative degree of force required to 
move a liquid through a porous media. The definition of 
resistance factor is:
baseline fluid 
_  ^injected fluid
Q  I injected fluid
(3.6)
or RF =
where: AP = measured pressure drop across a sample
q = flowrate 
X - mobility
The injected fluid can be oil, water, gas, chemical 
solution etc. The baseline fluid is generally the water 
that would naturally occur in the sample ie. an aquifer
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water. The baseline pressure and flowrate are taken during 
steady state conditions, when no saturation changes are 
occurring and generally represent the values measured to 
calculate the effective permeability to water at a residual 
saturation of an immiscible phase like oil.
Resistance factors are very useful because they can 
relate many different quantities. From a practical 
standpoint, the resistance factor is equivalent to an 
injectivity factor. Thus, if one were injecting water in a 
well and changed to a fluid which experimentally exhibited a 
resistance factor of 3, for instance, the injectivity loss 
will be 3. Either the injection pressure must be increased 
by a factor of three to maintain the injection rate compared 
with the water or the injection rate will be reduced to one 
third. Resistance factors (RF) can also be related to the 
mobility ratio as was expressed in equation 3.6.
If the numerator and denominator of the right hand side 
of the RF equation (3.6) are multiplied by A/L, RF becomes:
injected fluid
(AAP/qL) Linjected fluid (3.7)
(AbP/qL) baseline fluid
If both sides of the equation are multiplied by
Mbaseline fluid/MInjected fluid/ the equation beCOIRGS .
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V"baseline fluid _  ( A A P / Q L )  jnjected fluid ^baseline fluid
^ ' V"injected fluid ( A A P / q L) baseline fluid M’injected fluid
jr




We can use equation 3.8 to solve for the effective viscosity 
of the flowing fluid. Re-arranging equation 8 yields:
„  _  Reinjected fluid ^baseline fluid
r1 effective / ~  \  /  o q  \
| A baseline fluid j '  * *  '
V Rinjected fluid)
From equation 3.8, RFwater and RFoil can be written as:
p p  _  Rbaseline fluid x  M1 w ater  ̂3 . I Q )
^water ^baseline fluid
nr? _  ^baseline fluid ^  oil t *i-i \Kt oil----------------  X — -------------------------
A oil I1baseline fluid
If the baseline fluid is water, then RFwater = 1.0.
Substituting the water and oil resistance factor 
relationships in the equations for water and oil mobility 
yields:
^  _ _______Rbaseline fluid M* water _ _______Rbaseline fluid ( 3  . 12 )
RRwater  ^baseline fluid I* water RFwater  ^baseline fluid
The mobility ratio for water displacing oil is:
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^  oil
Rbaseline fluid M* oil K,■baseline fluid














Assuming the baseline fluid is water so that RFwater = 1.0, 
then:
MR = RFoil (3.17)
Therefore, if the baseline resistance factor is for water, 
RFoil gives the mobility ratio for water displacing oil. All 
the resistance factors in a sandpack flush can be used to 
estimate the mobility ratio at any time relative to oil. 
RFtime x is divided into RFoil and this is the mobility ratio 
of the injected fluid at time x.
The relationship for resistance factors can be used to 
determine what concentration of polymer is needed to provide 
a unit mobility ratio at any fluid advance rate. Recall
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from equation 3.8 that the effective viscosity of the 
polymer solution is directly related to the resistance 
factor and further from equation 3.3 that for a 
pseudoplastic the relationship should be exponential with 
shear rate. The shear rate is a function of the fluid 
advance rate. Thus a plot similar to that of figure 3.3 
should show a relationship between resistance factor and 
frontal advance rate for different polymer concentrations. 
The information for this type of figure was generated in a 
sandpack experiment which will be described in Chapter 5.
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Chapter 4 
Foam Flow in Porous Media
4.1 Foam Characteristics
Foams are gas cells separated by thin liquid membranes 
called lamella. A cross-section of a foam reveals a more or 
less honeycomb structure. The gas pressure on either side 
of a membrane is approximately equal, and so the sides of 
the membrane are nearly parallel. The point where three of 
the cells are joined is called the Plateau's border or 
Gibb's triangle. The honeycomb structure and Plateau's 
border can be seen in Figure 4.1.
The Laplace equation defines the pressure difference 
across a curved interface and is proportional to the surface 
tension. The Laplace equation is:
AP = y (4.1)
Obviously the curvature is the greatest at the Plateau's 
border which implies that the pressure drop here is the 
greatest. Because the gas pressure within a cell is 
everywhere the same, the pressure of the liquid in the 
Plateau's border must be lower than the pressure of the 




Figure (4.1) Honeycomb structure and Plateau's border of a
foam.
from the lamella into the Plateau's border. As a 
consequence, foams are thermodynamically unstable and will 
eventually collapse to minimize the surface free energy.
For a foam to exist, the liquid must contain a surface 
active agent. The surfactant molecules will be aligned 
along the liquid gas interface with the hydrophilic portion 
exposed to the water. The number of molecules in a unit 
area will be essentially constant, as explained in Chapter 
2. However, in the case of a thin film, there is not an
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essentially infinite pool of underlying surfactant molecules 
below the interface. If a foam lamella is mechanically 
disturbed, the surface area at the point of disturbance will 
be increased causing localized thinning at the point of 
imposed stress. At this point surfactant concentration at 
the surface is diminished, resulting in an increase of 
surface tension. The increase in surface tension tends to 
draw fluid in to restore the equilibrium and prevent 
additional thinning. This gives the membrane elasticity and 
is the essence of a principal theory of foam stability 
referred to as the Gibbs effect. It also explains some of 
the observations of foam stability and surfactant 
concentration. At low surfactant concentrations, the 
expanding surface can deplete the available surfactant 
necessary to prevent further thinning. At high surfactant 
concentrations, there is ample surfactant below the expanded 
surface and so the surface tension doesn't change 
significantly. In fact, foam stability seems to be the 
greatest at around the critical micelle concentration.
Though foams are thermodynamically unstable, they can 
withstand significant mechanical disturbances due to the 
elasticity.
Foams can exist because of film elasticity. The 
persistence of a foam is dependent upon factors that
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stabilize the film or prevent gas loss by diffusion or 
factors that help to maintain a critical film thickness.
The drainage can be retarded by either decreasing the 
pressure difference along the liquid film to the Plateau 
border or by increasing the viscosity of the fluid. Because 
the difference in pressure is a result of the difference in 
radius of curvature, a more dense foam with bubble radius 
similar to that at the Plateau border is more stable.
Smaller bubbles in foam are more spherical whereas large 
bubbles tend to be polyhedral. However, for flow through a 
porous media, this may not be significant because the size 
of a pore space is not great enough for the development of a 
significant honeycomb structure. The interactions of the 
films are as likely to be with mineral surfaces as with 
other bubbles.
The viscosity of a surfactant solution depends upon the 
nature of the surfactant and its concentration. The 
concentration is significant because different types of 
micelles exist which exhibit different physical properties. 
At about the critical micelle concentration, the micelle 
shape is roughly spherical. At higher concentrations the 
arrangement may contain extended parallel sheets two 
surfactant molecules thick with solvent between the sheets. 
At still higher concentrations the micelles form cylindrical
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rods packed in a hexagonal fashion. The more ordered the 
structure, the more it resists deformation and exhibits 
greater viscosity. Though this increase in viscosity can 
make the foam more persistent, the sacrifice is in the film 
elasticity. More ideally, the drainage rate can be 
decreased by viscosifying the solution without increases in 
surfactant concentration to a much higher value than the 
critical micelle concentration. Thus, one would have a 
stable film with some elasticity that was also persistent. 
Minnssieux (27) suggested that foams could be stabilized 
by the addition of polymer. This is one of the reasons that 
polymer addition to the surfactant solutions was used in the 
displacement experiments discussed in Chapter 5.
Gas diffusion through the lamella occurs in the 
direction of decreasing pressure. Again from the Laplace 
equation, the pressure within bubbles with smaller radii is 
greater than within larger radii bubbles. Gas diffusion 
tends to go from small bubbles to larger bubbles, which in 
turn increases the bubble size. Foams often degrade from 
small spherical cells to larger polyhedral cells. This 
results in greater liquid drainage into the Plateau borders.
As the liquid drains from the film into the Plateau 
border, the film thickness decreases. With ionic 
surfactants, a critical thickness is reached which may
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prevent further thinning when electrostatic repulsion 
between the two sides of the film becomes significant. This 
repulsion is the result of ionic double layers associated 
with surface films.
Finally, in porous media there is an additional force 
which accelerates the drainage in the liquid films. In an 
unsaturated sample the capillary pressure may be much 
greater than pressure differences due to the Plateau border, 
so that liquid is sucked from the film into a pore throat 
capillary.
4.2 Development of Surfactant Foams
Surfactant foams have been studied for use in oil-field 
applications since the late 1950's (28). Applications 
considered have included removal of brine from low pressure 
gas wells, or as a drilling and completion fluid for low 
pressure water sensitive reservoir rocks, or to plug thief 
zones or seal caprock leaks in underground natural gas 
storage reservoirs, or as a displacing fluid in conjunction 
with waterfloods. It was noted that foam flooding might 
control the adverse mobility of a gas injection. This 
observation precipitated several decades of studies to 
determine the rheological properties of foams with various 
compositions, porous media, oil saturations and viscosities.
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The early work of Bernard and Holm (29) (30)
indicated that, in sand packs, the relative permeability to 
gas decreased in the presence of foam, whereas the relative 
permeability to water is unchanged at any given water 
saturation. The mechanism they envisioned was a continuous 
liquid phase and a discontinuous gas phase separated by 
liquid films with the liquid flow dictated by Darcy's law. 
Because the foam prevented the gas from becoming a 
continuous phase, the gas permeability was greatly reduced. 
This supposition stimulated considerable debate. For one, 
Fried (31) had proposed that foam was a homogenous 
system that flowed as a body and had noted that foam had a 
high apparent viscosity and behaved as a pseudo-plastic 
material.
Holm (32) attempted to settle the flow regime 
dispute by conducting foam studies using gas and liquid 
tracers. He found that the tracer gas breakthrough volume 
in an initially surfactant saturated sandpack that was 
driven to high initial air saturation was not consistent 
with a continuous gas phase. Furthermore, no liquid was 
being produced and the effective permeability to gas was 
quite low. Upon resaturating with a water that contained a 
tracer, he noted tracer production at about the residual 
volume of the aqueous surfactant solution indicating that
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the water phase was continuous. Holm found that under 
steady-state conditions when a gas-surfactant foam was 
injected into a sandpack, if he included tracer chemicals in 
the gas and surfactant and then monitoring the tracer 
production, he noted different linear flowrates for gas and 
aqueous surfactant. The results of these experiments led to 
the conclusion that the gas moved through the sandpack by 
breaking and reforming foam films and did not move as a 
body.
The flow regime argument persisted. The observation 
that surfactant foams had a high apparent viscosity and 
behaved as a pseudo-plastic as well as visual observations 
in capillary tubes lead to the conclusion that foam moved as 
a body in porous media. The appearance of foam production 
from sandpacks supported the observation. The high apparent 
viscosity and resulting reduction in the mobility of gas was 
felt to be responsible for the improvement in the fluid 
displacement efficiency (33) . Thus, the rheology of 
foam became an important branch of study.
Raza and Marsden (34) noted in flow tests through 
capillary tubes that the behavior was similar to pseudo­
plastic substances. They found the apparent viscosity 
behavior could be modeled with the power law relationship of 
Ostwald and de Waele:
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T = ksn (4.2)
which gives the shear stress, r, as a function of shear 
rate, s and n is a flow behavior index which characterizes 
the extent of deviation from Newtonian behavior. The 
consistency index, k, characterizes the "thickness" of the 
fluid. The apparent viscosity, fi, is then expressed as
for which the constants k and n may be determined from log-
log plots of shear stress and rate. A slope of unity
indicates a parabolic velocity distribution that is 
characteristic of Newtonian fluids. Pseudoplastic fluids 
generally have a slope of 1 at low flow rates followed by a 
transition to a slope of less than unity. The closer that 
the slope approaches zero, the more plug-like the flow. At 
zero slope the velocity is the same throughout the flow 
path. However, they found the results for foam to be 
dependant upon diameter of the capillary used. Hollbrook 
and Patton (36) had similar assertions but added that
the length as well as the diameter altered the constants in
a power law representation of the apparent viscosity. They 
speculated that the apparent viscosity derived from the 
shear stress versus shear rate plots of different capillary
(35) :
|i = ksin 1) (4.3)
colgradoschool
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dimensions could be used to determine the viscosity of foam 
in a porous matrix. This information could be used to 
calculate the mobility ratio. Mobility, A, is defined as:
X = (4.4)
H
where l̂ K is the effective permeability if
K is the absolute permeability of the sand 
kj. is the relative permeability of the fluid 
/i is the viscosity of the fluid
The mobility ratio is the ratio of the mobility of the 
displacing phase over the displaced phase (37) as was 
discussed in Chapter 3. A mobility of less than one is 
desirable for an efficient displacement. The effective 
permeability of a wetting phase is generally less than that 
of the non-wetting phase. With a gas (non-wetting) 
displacing water or oil as the wetting phase the mobility 
ratio can become very large because of the effective 
permeability and viscosity differences of the fluids as can 
be seen from the mobility ratio:
^  gas _  k gas\L OJrj ( 4 . 5 )
^  oil gas
Much of the debate about foam flow has centered around 
whether the resistance to the flow of gas is due to the 
effective viscosity of the foam, or if it is due to pore
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level blocking and the mechanical energy required for foam 
formation. The studies of Fried, Raza and Marsden,
Hollbrook and Patton and many others had discussed the 
quality of a foam and how it altered the apparent viscosity. 
All had noted that increasing the foam quality, or ratio of 
gas volume to liquid volume, increased the viscosity. The 
increase was found to be approximately linear from about 50% 
up to about 90% quality. The apparent viscosity increased 
dramatically from about 90% to about 96% and the viscosity 
decreased as the availability of liquid for film generation 
decreased beyond that. David and Marsden (38) derived a 
relationship accounting for the compressibility of the gas 
in an equation for the sudden change in velocity gradient 
(slip) near the conduit wall associated with non-Newtonian 
fluids. They found that if a correction for slip is made, 
the shear-stress relationship is independent of foam 
quality. They also noted that an increase in quality 
increased the average bubble size and range of bubble sizes.
It is wise to note that the rheological properties were 
measured by the various investigators with viscometers on 
foams generated upstream. For instance, Marsden and Khan 
(39) had noted an increase in the apparent viscosity 
with increasing surfactant concentration in a porous media 
which they attributed to increased foam stability. They
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measured the fluid saturation of the porous media by 
electrical resistivity (but not the pressure drop) and the 
foam viscosity was measured downstream. The phenomena of 
foam flow through a porous media had only been inferred from 
many of these rheological studies.
Mast (40) designed etched glass micro-models to 
study the affect of quality and surfactant concentration on 
foam flow. He considered the influence of capillary forces 
on foam behavior. This approach allowed for the calculation 
of the minimum pressure required to withdraw a septa from an 
capillary. For a pore with a funnel shaped geometry, the 
pressure pulling a septa out of the capillary constriction 
is:
p = 4^ i n o  (4>6)
where Rc is the capillary radius
y is the interfacial tension
a is the angle the funnel shape opens into from 
the capillary.
One can see that for smaller radii the pressure 
requirement is increased. Mast also developed relationships 
for the minimum membrane radius which depends upon the 
geometry of the constriction. If a rock matrix has a sharp 
pore opening, the minimum membrane radius is slightly 
greater than the pore opening. Whereas for gradually
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tapering pores the minimum membrane radius could be 
considerably greater than the pore opening. The consequence 
is that capillary resistance is low for gradual changes in 
pore size and would be greater for foam displacement where 
the pore openings are sharp.
Mast felt that the capillary forces drained liquid from 
large pore openings into smaller pores until the continuous 
liquid phase pressure was constant. This drainage process 
depended upon the pore matrix geometry and heterogeneity. 
Mast believed that the drainage process was the precursor to 
foam generation. Mast stated that the portion of the liquid 
and gas transported as a foam depended upon the foam 
stability. Unstable foams move by progressive breaking and 
regeneration whereas stable foams move as a body with some 
foam breaking. The foam stability is dependant upon the 
pore matrix geometry and the rock wettablity which are the 
factors that affect the capillary forces and the surfactant 
concentration which affects the surface energy of the foam.
Kanda and Schechter (41) made similar observations 
as those of Mast using a column homogeneously packed with 
glass beads. Based upon a liquid phase saturated column 
they noted: decreasing the surface tension, or increasing 
the surface viscosity, or improving the wettability of the 
liquid phase resulted in an improved displacement efficiency
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and reduced the effective permeability to gas. They noticed 
that surfactant concentrations at the critical micelle 
concentration, CMC, were optimal and mention that an 
electrolyte in a surfactant decreases the CMC. The surface 
viscosity did not contribute to the mechanical stability of 
the film (lamella). They felt that the stability of the 
film depends upon the wetting and any effect that oil had on 
the stability was due to alterations of wettablity.
Mast was perhaps the first investigator to research the 
mechanisms of foam generation. Sixteen years later the 
topic was again discussed by Ransohoff and Radke (42) 
experimenting with glass-pack bead columns. With visual 
observations they noted three types of foam generation they 
denote as leave-behind, snap-off, and lamella division.
They establish that foam flow is a two phase phenomena with 
the surfactant or aqueous phase as the wetting fluid and gas 
as the non-wetting fluid. They recognized the importance of 
capillary forces, as did Mast, but choose to collect the 
term in the parameter called capillary number (43) which 
was introduced in chapter 2. The capillary number they used 





where is the effective permeability of the non­
wetting phase 
u is the Darcy velocity
u* is the wetting phase velocity
/nnw is the non-wetting phase viscosity 
M is the mobility ratio defined in equation 4.5
AP is the pressure gradient
Assuming that the wetting phase fractional flow is zero, 
which would occur with gas displacing water at a residual 
saturation, then fw = 0 and the numerator must be equal to 0 
simplifying the equation to:
U,A_22: = -A P (4.8)
k nwK
Because the wetting phase is not flowing, its pressure drop 
is constant and so the non-wetting phase pressure drop is 
the capillary pressure decline. Equation 4.7 can be 
integrated for the length of the sample:
-  P*~Po2 ( 4 ' 9 >
where Pcl and Pc2 are the upstream and downstream capillary 





where rL (ave ) is the average radius of curvature. Combining 
4.8 and 4.9 yields:
As with other definitions of capillary number, 
increasing the velocity will increase the capillary number. 
At some critical capillary number foam generation by snap- 
off will occur provided that certain geometric conditions 
are met.
From Darcy*s law for multi-phase flow, the effective 
permeability may be written as:
Substituting equation 4.12 into 4.11 yields:
This is the grouping for capillary number that Oh and 
Slattery (45) used for pore modelling in 1979.
(4.11)
where Rg is a sandgrain radius
Nc is the capillary number.
(4.12)
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From Ranshohoff and Radke's paper, plots of reduced 
pressure drop (inverse relative permeability) versus 
capillary number show that at a critical capillary number 
the reduced pressure increases dramatically and that this is 
marked by the onset of snap-off. Below this velocity only 
the leave-behind mechanism of foam generation exists which 
results in a weak foam and is basically the formation of a 
film between adjacent beads (or sand grains) separating pore 
spaces. Leave-behind accounts for both a reduced pressure 
that is greater than seen for water without surfactant but 
also a higher interstitial water saturation. Above a 
critical capillary number a stronger, more dense foam is 
generated provided that three criteria are met: the 
capillary pressure must be great enough for the non-wetting
phase to enter the pore space; it must also be below the
critical value for long enough to allow the wetting phase to
flow back into the constriction to initiate snap-off; and
the wetting phase saturation must be high enough so that the 
second step can occur.
Their observations of the formation of foam when moving 
from a low permeability zone to a high permeability zone 
including exiting the porous media (and not the reverse) 
suggested the concept of a "germination" site. The 
germination site is a geometric requirement for foam
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generation to occur by snap-off, thus providing a denser 
more stable foam. The concept arises from Roof’s (46) 
analysis of the snap-off of oil droplets in toroidal 
constrictions and the resulting criteria is strictly 
geometric. Assuming any porous matrix can be represented by 
a size distribution of pore bodies and pore throats (Mohanty 
and Salter (47)), one can determine the probability that 
a germination site exists. For a particular flow channel 
cross section, the probability that a germination site 
exists decreases to zero at large ratios of constriction 
radius to sandgrain radius and equals one at smaller ratios. 
In other words, a germination site may be a small pore 
throat opening into a larger pore space, but the opposite 
cannot be a germination site. This explains the observation 
that foam is generated when moving from a low permeability 
zone to a high permeability zone. Mast made a similar 
observation.
Rossen (48) investigated the pressure required to 
mobilize a foam once generated. He presents theories that 
describe what force is required to mobilize an initially 
stationary foam, and what is required to propagate a 
mobilized foam. He concludes that the pressure gradient 
required to initiate foam mobilization depends upon the 
fraction of the pore throats blocked by snap-off. Rossen's
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paper suggests that if a large fraction of the pore throats 
are blocked, the gas phase resistance is infinite unless the 
lamella can be mobilized. The pressure gradient required 
depends upon the capillary pressure of the porous matrix. 
Only within a narrow range of capillary pressures will foam 
be mobilized at low pressure gradients. Therefore, 
efficient mobilization of foam will only occur in the 
regions of high pressure gradient, for instance near the 
injection point of a vertical well. Furthermore, the higher 
the gas saturation of the porous media, the more pore 
blocking that is needed by lamella to provide enough 
resistance for the necessary pressure gradient. Foam 
mobilization will occur best at low initial gas saturations.
As other researchers noted, the finer the texture of 
the foam, the more resistance provided. However, this 
requires greater pressure gradients to maintain propagation 
of the foam. Thus, the foam texture becomes more coarse at 
lower pressure gradients in the mobilized foam. Previously 
it was mentioned that thermodynamically, foams spontaneously 
tend toward coarser texture to reduce surface tension.
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4.3 Hydrocarbon Contaminant Recovery by Foam Flushing
The previous section introduced the debate about foam 
rheology and mechanisms of foam generation. The questions 
arise concerning how foam can improve oil recovery 
efficiency and the corollary, how oil alters foam stability.
Much of the research on foam has been conducted to 
optimize the persistence or stability of the foam and to 
maximize the effective permeability reduction of the gas. 
Because of the very adverse mobility ratio for a gas 
displacing an oil, any way that the mobility ratio can be 
reduced would provide a more efficient displacement process. 
Recall that the mobility ratio is defined as:
M = 4 ^  (4 .14)*21*1
where: is the displacing phase effective permeability
Mi is the displacing phase viscosity
The subscript 2 refers to the displaced phase.
It really doesn't matter whether one reduces the gas 
phase effective permeability or increases the gas (foam) 
phase viscosity because it will have the same effect on the 
mobility ratio.
Oil miscible gases are injected to reduce the viscosity 
of the oil in an oilfield. Again, this is a mobility ratio 
reducing mechanism. The oil viscosity can be reduced if the
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gas is miscible with the oil. Relatively small amounts of a 
very low viscosity fluid can significantly reduce the 
viscosity of a high viscosity fluid. This is referred to as 
miscible gas flooding in the oil industry. The oil 
viscosity can also be reduced by raising its temperature. 
This is the impetus of the thermal enhanced oil recovery 
technologies where hot flue gas or steam are injected in an 
oil field. In either case, methods to improve foam 
stability and oil contact efficiency of the gas by reducing 
"viscous fingering" are being studied (49)(50).
An important problem that has been recognized in the 
oil industry is that foams are de-stabilized when contacted 
by oil. Manlowe and Radke (51) compiled a list of oil 
destabilizing mechanisms that have been proposed. Of the 7 
mechanisms listed, they examine one mechanism, claiming that 
it is the only one generic enough to explain the foam 
destabilization by oil that occurs in a variety of 
situations. This mechanism is that oil spreads at the gas- 
water interface inducing lamella thinning and/or decreasing 
the critical capillary suction pressure for rupture. To 
understand the statement, a few of the terms must be 
explained. The comment "oil spreads" refers to the 
spontaneous wetting of the oil on a surfactant solution 
surface. For the spreading to occur spontaneously, the free
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energy of the system must be reduced. The change in free 
energy of wetting, AGW per unit area, a, is:
^ ■ T a -(ran u ) <4-15>
CL
where: ySA is the surfactant-air surface tension
ySL is the surfactant-oil interfacial tension 
Yla is the oil-air interfacial tension
The term on the right of equation 4.15 is called the 
spreading coefficient, SL/s. From equation 4.15 we can see 
that if the spreading coefficient is positive, the oil will 
spread spontaneously, but if it is negative, the oil will 
retract into a lens. This is somewhat of a dynamic 
phenomena as the surface and interfacial tensions of the 
liquids will change as they reach equilibrium. For instance 
benzene will initially spread on water, but as the water 
becomes saturated with benzene, its surface tension 
decreases and the benzene will collapse into a lens. 
Spreading is cited as a mechanism of antifoaming in the 
literature (52). Partly for this reason, it has been 
considered one of the more credible mechanisms for 
destabilization of foam when contacted with oil. 
Destabilization of foam by spreading occurs because the 
surface properties are different on the side of the film in 
contact with a spreading agent than on the opposite side of
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the bubble. The spreading agent may displace foam 
stabilizers such as surfactants from the surface.
Manlowe and Radke could find no correlation between 
spreading and non-spreading oils and the effect upon foam 
stability during micro-model experiments. They also cite 
several sources that are internally contradictory as far as 
foam disruption by oils and spreading. They suggest that 
the stability of the foam is dependant upon the stability of 
the pseudo-emulsion film that is formed when a water film is 
trapped between gas and oil. These films are "dynamically 
metastable" suggesting that for flowing foams the aqueous 
film may only be in contact with oil for as long as it takes 
to traverse any oil that is trapped in a pore opening. 
Provided that this time is less than the time for the water 
to drain due to capillary suction, the film will not 
collapse. However, if a pseudo emulsion film does collapse, 
then the surrounding foam lamellae also collapse.
At about the same time that Manlowe and Radke published 
their findings, Wasan, et al. (53) also concluded that 
foam stability was due to pseudo-emulsion film stability. 
They felt there were three stabilizing factors related to 
surface phenomena. The first depends upon micelle structure 
and electrolyte concentration and the effect on film 
viscosity and liquid drainage from the film. Electrolyte
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concentration changes the thickness of a film by masking the 
opposing forces on opposite sides of the film and by 
changing the critical micelle concentration. A second 
stabilizing factor is that of interfacial tension effects 
relating to film elasticity as discussed earlier. Finally, 
low dynamic interfacial tension between oil and surfactant 
solution reduced the size of the oil droplets that contacted 
the foam. The scenario Wasan et al. portray is that of 
migration of emulsified oil droplets from the film into the 
Plateau border. Here destabilization occurs because of 
interfacial effects in the pseudo-emulsion film and 
resulting changes in the film tension. The number and size 
of the oil droplets contribute to the foam stability.
Jensen and Friedmann (54) found that the 
propagation of foam in oil saturated berea sandstone 
depended more upon the oil saturation than upon the chemical 
nature of the oil phase. However, the nature of the 
surfactant did have an effect upon the propagation of foam 
and its tolerance to oil. Unfortunately, no discussion of 
the types of surfactant was presented.
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4.4 Summary of Foam Use for In-Situ Soil Washing
Foams may show great potential for in-situ soil washing 
of the vadose zone. Foam flushing will not require 
saturating the porous media in order to provide pore to pore 
sweep efficiency. The saturation of the soil would alter 
the mechanical properties of the soil such as its load 
bearing capacity. Foams are less dense than water and can 
target the hydrocarbon material above the water table such 
as light non-aqueous phase liquids (LNAPLS). Once injected 
into a porous media, foams may cause a significant gas phase 
permeability reduction. The reduction can divert gas flow 
into a saturated zone which would result in displacing water 
and under-saturating a soil, thereby reducing the aqueous 
phase permeability. This might provide a method for 
temporary blocking and diversion of natural aquifer flow.
Mechanically, foams show greater resistance to flow at 
high flow rates (when the critical velocity for snap-off is 
exceeded) than at lower rates which tends to equalize the 
advance rate of a foam front in a heterogeneous porous 
matrix. The aqueous phase of a foam can reduce the 
interfacial tension between oil and water, thereby reducing 
the capillary trapping forces of the oil.
Foams tend to destabilize when in contact with oil 
which results in a coalescence of the liquid phase at the
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oil interface. Because aqueous systems are generally the 
wetting phase, the pressure will be lower in this phase.
With the interfacial tension between the oil and water 
reduced, oil trapped in capillaries (a non-wetting phase) 
will tend to move out of the capillaries toward the lower 
pressure aqueous phase. If the mobility of the aqueous 
phase is less than or equal to that of the oil, the oil will 
advance in front of the aqueous phase.
Polymers can be used both for mobility control of the 
oil and water bank and to stabilize the foam. As oil is 
removed behind the aqueous system-oil bank, the gas will 
begin to generate more foam by lamella division or snap off. 
The advancing oil bank will increase the saturation of oil 
at the front of the bank, and more oil will be mobilized due 
to local increase in saturation and relative permeability 
effects.
If air is the gas, it could provide a source of oxygen 
for indigenous aerobic bacteria and stimulate the bio­
degradation rate of any residual hydrocarbon. These are all 
factors which have been cited in previous sections.
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The synergistic effect of low interfacial tension 
between the trapped oil phase and the aqueous phase, 
mobility control of the liquid phase, transport of the 
liquid phase by the foam, permeability modification by foam, 
and flooding an unsaturated zone has not previously been 
discussed in the literature. The experimental portion of 




5.1 Purpose of Evaluations
This research was performed to demonstrate if foams 
could be designed to improve oil recovery from saturated or 
unsaturated porous material compared with waterflushing or 
air flushing. The oil recovery improvement was not designed 
through the mechanisms of fluid diversion and improved sweep 
efficiency as has been the focus of foam flooding in crude 
oil reservoirs. The foam was used to transport an aqueous 
liquid phase to the oil. When in contact with the oil, the 
aqueous phase could reduce the capillary forces trapping the 
oil in the pore space and/or solubilize the oil.
Furthermore, the aqueous phase was designed so that it could 
efficiently mobilize the oil without viscous fingering.
This research is based upon the premise that, given the 
likelihood that the foam will become unstable when in 
contact with oil, the liquid phase of the foam can be 
designed to displace oil rather than the foam itself 
displacing oil. This concept was elaborated upon in section
4.3 and 4.4.
Experimentation was performed to select surfactants 
which would reduce the interfacial tension between oil and
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water and thereby reduce the capillary trapping forces.
Once selected, the rheological properties of the surfactant 
solutions wĵ ere altered by adding a polymer. The viscous 
flow properties of the surfactant-polymer solution were 
studied so that the polymer solution could be designed with 
a concentration sufficient to efficiently displace viscous 
oils. Foam studies were performed to determine if the 
surfactant polymer solutions could provide stable foams.
The oil recovery efficiency was then monitored in sandpack 
experiments in which the surfactant-polymer solutions were 
injected as a foam. Comparison of the oil recovery 
efficiency was made by altering or eliminating components of 
the solution that were necessary for certain mechanisms. In 
some of the experiments, the production of the injected 
chemicals was monitored to act as a tracer so that the time 
of production of the injected fluids could be compared with 
the time of production of an oil bank.
The experimentation was performed in three distinct 
categories of investigation: studies of the interactions 
between oils and aqueous surfactant solutions; studies of 
the rheological properties of surfactant-polymer solutions; 
oil recovery sandpack studies of the surfactant-polymer 
solutions. Supplemental experiments were performed to 
measure the stability of the surfactant solution foams and
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the increase in oil solubility of surfactant-polymer 
solutions. These experiments will be discussed in turn in 
the following subsections. The methodology is generally 
outline in each section. The exact procedures are detailed 
in an appendix to this chapter.
5.2 Oil and Surfactant Solution Interactions
The capillary pressure which traps oil in a pore space 
is directly proportional to the interfacial tension between 
the oil and any other fluids in the pore space. Thus, 
reducing the interfacial tension will reduce the amount of 
force required to displace the oil from the pore space. A 
complete discussion about the phenomenon of interfacial 
tension was presented in Chapter 2. The first portion of 
the experimentation was to determine which surfactant types 
and concentrations could reduce the interfacial tension 
between oil and water to the greatest degree.
Two types of oil were used in the interfacial tension 
evaluations. An extensive study of the interfacial tension 
between Conoco #2 diesel and non-ionic and anionic 
surfactants was conducted. A less rigorous study was made 
of a blend of 60% Lubriplate #4 vacuum pump oil and 40% 
Conoco #2 Diesel.
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5.3 Measurement of Interfacial Tension
The techniques used to measure the interfacial tension 
between the oil and surfactant solutions were the du Nouy 
ring method for interfacial tensions greater than about 1 
dyne/cm and the spinning drop method for values less than 1 
dyne/cm.
The ring method involves measuring the force required 
to pull a 4 cm circumference platinum-iridium ring through 
the interface between an aqueous solution and the oil. The 
DuNouy ring method belongs to the general class of 
"detachment" methods whereby the surface or interfacial 
tension is related to the buoyant weight that can be 
supported by the ring. For instance, as an approximation, 
the weight of a drop of liquid detaching from the tip of a 
capillary is:
W = 2irry
where: r is the radius of the capillary
and W is the weight of the drop.
In the case of the ring method2, the measured weight is 
that of the ring plus that of the supported liquid. The
The ring method is generally referred to as the du 
Nouy ring method after P. Lecomte du Nouy who 
published the method in 1919.
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approximation analogous to the drop detachment from a 
capillary is:
wt« = wrlns + 4 wry 
where: r is the radius of the ring.
The ring method must include a correction for the added 
volume of liquid supported by the ring due to the thickness 
of the ring's wire. The surface (or interfacial) tension is 
then the measured tension required to pull the ring through 
the interface and detach the supported liquid film times a 
correction factor. The correction factor includes the 
difference in density of the liquids forming the ̂ interface 
to account for buoyant effects, the radius and thickness of 
the ring, and two constants that are used for all rings.
The instrument used to measure surface tension (by ASTM 
Method D-1331) and interfacial tension (by ASTM Method D- 
971) greater than about 1 dyne/cm was a Fisher surface 
tensiometer. It uses a lever arm attached to a torsion 
wire. As the wire is twisted, the moment arm is used to 
lift the ring through the interface.
The method used to measure interfacial tension for 
values less than about 1 dyne/cm was the spinning drop 
method. In this method, a glass tube is filled with a 
liquid and a drop of the second liquid is injected into the 
tube. The surface free energy would be the lowest if the
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drop were to expose the least surface area possible to the 
primary liquid, thereby forming a sphere. If the tube is 
rotated at sufficiently high rates, the centrifugal force 
will cause the drop to elongate along the axis of rotation 
provided that it is less dense than the primary fluid. If 
the drop elongates enough, its shape can be approximated as 
that of a cylinder. The surface free energy of the drop 
will be: = 27rrly
where r is the radius of the drop
1 is the length of a cylinder 
y is the interfacial tension.
The centrifugal force on the drop is:
S)2rAp
where fo is the angular velocity
Ap is the difference in density of the fluids.
The potential energy at some distance r from the axis is:
Z)2r2Ap/2
The total potential energy for the cylinder of length 1 is: 
PE = i/Qr°( “ ^ P k r d r  =




The system will tend to minimize its energy. Thus:
47i(D2Ap Ir (5.3)
From which we obtain an equation independent of the length 
of the drop (provided the drop is long enough to have 
parallel sides as would a cylinder):
The spinning drop method allows for interfacial tension 
measurements in the milli-dyne/cm range provided the radius, 
angular velocity, and density can be measured accurately.
The radii of the elongated oil drops in surfactant solutions 
were measured using a microscope with a calibrated vernier.
A constant speed electric motor was used to rotate the tube 
containing surfactant and oil. The fluid densities were 
measured using a calibrated pycnometer.
The measurements were performed at room temperature.
The surfactant solutions were prepared in de-ionized water. 





high reduction of interfacial tension between 
diesel oil and aqueous surfactant.
low adsorption onto soil surfaces
biodegradability
produce persistent foam
Solubilizes oils in aqueous solutions
Only anionic and non-ionic surfactants were evaluated.
Adsorptive and biodegradation properties were considered in
the selection of surfactant type. Because of high surface
adsorption and low biodegradability, cationic and
zwitterionic surfactants were not considered for this study.
Table 5.1 is a listing of the trade names and
manufactures of the surfactants evaluated. Table 5.2 is a
list of non-ionic surfactants evaluated and some of their
properties. Table 5.3 is a list of anionic surfactants
evaluated.
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Table 5.1 Trade Names and Manufacturers of Surfactants 

























Table 5.2 Non-Ionic Ethoxylated Alcohol Properties and 
Structure of Surfactants Evaluated for Interfacial 
Tension and Surface Tension Reduction
Surfactant Hvdroohobe Moles EO* HLB Structure
Tergitol 15-S-5 c«-c15 5 10.5 Random Secondary
Tergitol 15-S-7 Cn“Ci5 7 12.1 Random SecondaryTergitol 15-S-9 Cii-Ci5 9 13.3 Random Secondary
Tergitol 15-S-12 Cn”C15 12 14.5 Random SecondaryTergitol 25-L-7 Cl2~Cl5 7 12.4 Linear Primary
Tergitol Mini-foam IX— — 11.4 Alkoxylate
Tergitol NP-8 Benzene 8 12.3 Nonyl Phenol
Neodol 91-6 6 12.5 Linear Primary
Neodol 23-6.5 Ci 2”C15 6.5 12.0 Linear Primary
Neodol 45-7 Cia”C15 7 12.0 Linear Primary
Plurfac RA-20 — — 10.0 Linear Alkoxylate
Plurfac RA-30 — — 9.0 Linear Alkoxylate
Plurfac RA-40 — — 7.0 Linear Alkoxylate
Plurfac D-25 Ci2-C16 — 10 Linear PrimaryPlurfac B-26 Ci2-C16 — 14 Linear PrimaryPlurfac C-17 — — 16 Linear Primary
Alfonic 1012-60 Cio”C12 5.2 12.0 Linear Primary
* EO is ethylene oxide
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Table 5.3 Anionic Surfactant's Structure and Properties of 
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Linear Sodium Alpha Olefin 
Sulfonate
Linear Sodium Dodecylbenene 
Sulfonate
Linear Sodium Alkyl-benzene 
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Linear Sodium ALkyl-benzene 
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Branched Amine Alkyl-benzene 
Sulfonate
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Alpha Ethoxy-sulf ate 
3 moles prqpoxylate,
3 moles ethoxysulfate, 
Sodium Salt
Alpha Ethoxy-sul fate 
7 moles prqpoxylate,
2 moles ethoxysul fate, 
Sodium Salt
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Most of the interfacial tension and surface tension 
measurements using non-ionic surfactants were performed 
using #2 diesel as the oil phase. The anionic surfactants 
were used with both the #2 diesel and the 60% vacuum pump 
oil plus 40% #2 diesel blend.
5.4 Surfactant Solubilization and Emulsification of Oils
Another important mechanism for recovering oils in 
porous media is solubilization. All oils are soluble in 
water to some degree however, the solubility can be quite 
low, in the part per billion range for oils with no polar 
characteristics. The solubility of these oils can be 
increased by 3 or more orders of magnitude due to micellar 
solubilization. Thus, flushing a soil with a surfactant 
solution could greatly increase the amount of oil delivered 
to the recovery well. A brief discussion of solubilization 
was provide in Chapter 2.
Emulsification and solubilization can transport a 
significant amount of oil from a porous material. In order 
to measure the ability of surfactant solutions to solubilize 
and act as an emulsion stabilizer, phase behavior tests were 
performed. In these tests, 5 mL of surfactant solution was 
added to a 10 mL graduated cylinder and 1 mL of oil was 
added. The tubes were stoppered and mixed by hand. The
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tubes were held by hand at shoulder height parallel with the 
ground, mixed 10 times back and forth in an 18 inch arch 
from the elbow in 5 seconds. The tubes were put in a rack 
and the number of phases and the volume of each phase was 
measured after 10 minutes, 30 minutes and 2 weeks. 
Solubilization was noted by the decrease in volume of one 
phase and increase in volume of the other phase in a two 
phase system. Emulsification was also noted by either the 
appearance of a middle phase or the complete emulsification 
of the oil or water.
5.5 Foam Stability
In order to take advantage of many of the benefits 
inherent in foam flooding, the surfactants used had to be 
able to form stable foams. The way the stability was 
quantified was in a test modeled after the Ross-Miles test 
(55). In the modified procedure a 25 mL volume of 
surfactant solution was squirted under pressure into a 
cylinder and the height of the resulting foam was measured 
at two different times. The specific procedures are given 
in the Appendix to this chapter.
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5.6 Surfactant-Polymer Solution In-Situ Rheology
Determination
Foams are unstable in the presence of oil as discussed 
in Chapter 4. Also, reducing the saturation of an oil in a 
porous media will increase the mobility ratio as discussed 
in Chapter 2. Thus, in order for the liquid remaining after 
the foam degrades to efficiently mobilize oil, the liquid 
will need to have a mobility equal to or less than that of 
the oil. Chapter 3 provided a discussion of the effects of 
shear on the viscosity of polymer solutions. This section 
describes an experiment to determine the concentrations of 
polymer needed to provide a unit mobility at various 
flowrates through a porous media. It begins with 
descriptions of the equipment and material used in the 
rheology and subsequent foam flushing experiments.
5.6.1 Sand Mixture
The in-situ rheology study and the foam experiments 
were performed using a quartz sand mixture that provided a 
wide range of pore size distribution. The sand was provided 
by U.S. Silica and consisted of a blend of equal masses of 6 
of their sands. The sand-grain size distribution of each 
and of the blend is listed in Table 5.4. Figure 5.1 shows 
the sand grain size distribution. The sand was mined in
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Ottawa Illinois and is a uniform fine grained quartz sand. 
The Unified Soil Classification (56) for this sand is 
SP, for a poorly graded sand.
Table 5.4 Ottawa Sand Grain Size Distribution, Percent 
Retained on Sieve
Millimeters





#17 Silica 41 1240
F—58 21 37 30
F-75 25 40 22
F-125 35 1012 38
Blend 12.7 28.4 17.5 15.7 11.5
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Figure (5.1) Grain Size Distribution
The sand-blend was combined in a 5 gallon plastic 
bucket. Before a sandpack was made, the sand was thoroughly 
mixed by rolling the bucket.
5.6.2 Sandholder Design
The sandpacks were made by loading sand into a 
"sandholder”. The configuration of the sandholder evolved 
during the course of this research. Initially, the sand was 
placed in an acrylic cylinder with a 2 inch ID and a net
T-4127 94
length of about 10 inches. The sand was contained in the 
cylinder by endcaps with o-ring seals that seated on the 
inner diameter of the cylinder. One endcap had a flange so 
that its face was exactly one inch within the cylinder. The 
other endcap could move within the cylinder to contain 
slight variations of sand volume. A fluid distribution 
network was notched into the endcaps and the surface covered 
with 200 mesh stainless steel screen to prevent the loss of 
sand. The sandholder was similar to that seen in Figure 
5.2. The advantage of the acrylic sandholder was that one 
could observe fluids moving along the outside surface of the 
sandpack. The disadvantage was that the strength of the 
plastic would only allow for internal pressures of about 500 
psi. This limited the pressure at which the sandpack could 
be made. Furthermore, abrasion from packing and unloading 
the sand scratched the o-ring sealing surface to the extent 
that the sandholder could not contain a vacuum, which is 
required for saturating the sandpack with water.
Therefore, a new sandholder was built made of stainless 
steel. Figure 5.2 is a diagram of the sandholder used for 
most of the flow experiments. This design had several 
advantages over its acrylic predecessor. The o-ring sealing 
surface was more difficult to scratch, and no pressure or 
vacuum leaks developed. It was much stronger, and the
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sandpacks could be packed under the considerable force of a
hydraulic press. The pressure taps were internal so that
the end effects of fluids entering the capillary network was 
not measured, and the length of the column of sand for which
pressure measurements were made was constant from one
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5.6.3 Sandpack Packing Procedure
A procedure was followed to make sandpacks of 
consistent permeability and porosity so that reproducible 
results could be expected from one sandpack to the next.
The procedure involved loading a known mass of sand in 
"lifts" and compressing the sandpack to 3,000 psi between 
lifts. Because the dimensions of the sand holder were 
known, the volume occupied by the sand, the mass of the 
sand, and the sand grain density were used to determine the 
pore volume and porosity of the sandpack. The air 
permeability was then measured. Finally, the sandpack was 
saturated with de-ionized water under vacuum. The 
saturation with water provided a check for the pore volume 
and porosity obtained from the sand grain density and 
sandholder dimensions.
The steps up to saturation with de-ionized water were 
repeated three times to check the reproducibility of the 
packing procedure. The results are outline in the Table 
5.5. The table also includes data from the first several 
sandpacks used in subsequent tests. The packing procedure 
appears to make reproducible sandpacks. The average 
absolute permeability to air for 4 flowrates in 12 sandpacks 
is 14.55 /im2 with a standard deviation of 2.9 /tim2. The 
average absolute permeability to water measured at 3
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flowrates for 10 sandpacks was 11.18 /urn2 with a standard 
deviation of 2.8 urn2. The average porosity for 10 sandpacks 
was 31.98% with a standard deviation of 0.49%.
Table 5.5 Comparison of Various Sandpack's Absolute Air 
Permeability and Porosity
Sand Pore Flow-
Weight Length Volume Porosity AP, 30 cm rate Permeability
cr cm mL % (vol/vol) osid L/min urn2
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5.6.4 Pumps and Pressure Measurement Equipment
Once a sandpack was constructed and the porosity, pore 
volume and air permeability were measured the sandholder was 
connected to Ruska positive displacement pumps that were 
used to meter liquid volumes and flowrates. The pumps had a 
capacity of 1000 mL, a resolution of 0.04 mL, and 28 speeds
from 6.1 to 1375 mL/hr.
The sandholder was connected to a pressure recording
system. Validyne DP-15 pressure transducers were used to
measure pressure. The signals were converted to DC voltage
with Validyne CD-12 carrier demodulators, and the voltages
recorded on Soltec 3313 voltage recorders. The pressures
measured were:
The upstream positive pressure one inch from the 
inlet endcap or into the sandpack one inch to 30 
cm downstream at about one inch from the 
production endcap as the negative pressure. This
represents APt and a 25 psid transducer was used.
• The 5.08 cm of sand from one inch from the inlet 
to 3 inches from the inlet. This represents APX 
and a 25 psid transducer was used.
The experimental apparatus is shown schematically in 
Figure 5.3.
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Figure (5.3) Surfactant-Polymer In-Situ Rheology 
Experimental Apparatus
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5.6.5 Surfactant-Polymer Solution In-Situ Rheology
Experiment Procedures: Sandpack Experiment 1
There were three goals for the first sandpack 
experiment.
1. Determine the concentration of xanthan gum polymer 
required for unit mobility ratio at various 
flowrates in the sandpacks used in this research.
2. Measure the #2 diesel recovery of the surfactant 
plus polymer system used in the foam experiments 
in chapter 6 in a completely liquid saturated 
environment. This is used to compare with the 
recovery efficiency of the foam systems.
3. Determine the amount of chemical retained by the 
sandpack due to adsorption and entrapment.
Solutions of xanthan gum polymers are psuedoplastic and 
so the rheological properties are dependant upon the shear 
rate to which they are subjected as discussed in Chapter 3. 
In order to determine the in-situ rheological 
characteristics of the solutions, they were injected into 
sandpacks. Three concentrations of polymer solution were 
injected into the sandpack at three advance rates (advance 
rate has the units of length times shear). The resistance 
factor (Section 3.2) was determined at each flow rate to 
generate data about polymer concentration and advance rate 
versus resistance factor. This data was used to determine 
the concentration of xanthan gum polymer required at any
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advance rate to provide a unit mobility ratio for polymer 
solution displacing oil. This satisfied the first goal.
The sandpack was initially saturated with and flushed 
with water to measure the absolute permeability of the 
sandpack with water. Diesel was injected at high flowrates 
until no additional water could be flushed from the 
sandpack. This step provided a maximum diesel saturation 
and determined the effective permeability to diesel. The 
sandpack was then flushed with water at high flowrates to 
remove as much diesel as was possible using water. After 
waterflushing polymer solutions were injected. The polymer 
solutions contained 1.0% Bioterge PAS 8S which reduced the 
interfacial tension between diesel and water by a factor of 
781. Any additional oil recovery could be attributed to the 
reduction of capillary forces and solubilization by the 
surfactant-polymer solution. This satisfied goal #2.
The concentration of polymer in the liquid discharge 
from the sandpack was measured. Knowing the volume of 
polymer solution injected and its initial concentration, the 
amount of polymer retained by the sandpack was determined by 
mass balance. This was needed to insure that the 
concentration of polymer injected in subsequent experiments, 
would not be diminished significantly due to adsorption and
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entrapment. This satisfied goal #3. The detailed 
procedures are in the Appendix of Chapter 5.
5.7 Foam Flush Sandpack Experiments
The preceding interfacial tension and polymer rheology 
experiments provided a design for liquid solutions to be 
used as unconventional foam agents. The liquids could be 
expected to reduce the capillary forces that trap the 
residual oil and provide mobility control to efficiently 
displace the oil.
Not all of the experiments were designed as oil 
recovery studies. Two of the foam experiments had no oil at 
all and in one experiment, no surfactant solution was used. 
These experiments were performed to observe the effects of 
other mechanisms that could alter the stability of the foam 
or the oil recovery. The procedures for each set of similar 
experiments and the purpose of each is presented in the 
following sections. The first sections will describe 
procedures common to most of the experiments.
The sandpack experiment numbering is chronological, but 
they will be presented in logical groups rather than 
chronological order. Sandpack experiment number 7 was 
aborted mid-way through the test. This is because the last 
experiments were to be the same in sequence and that of
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experiment 7 would have been difficult to duplicate in a 
timely manner. None of the data was analyzed in experiment 
7 and so nothing is reported in this thesis. To recognize 
the existence of the test and that data is available, the 
experiment numbering sequence was kept.
5.7.1 Foam Flush Apparatus and Injection Scheme
For foam generation several different air injection 
schemes were used. The first method was to displace gas 
from a vessel using a Ruska pump. This method was reliable 
and exact in metering gas to the foam-generator only when 
the pressure drop across the sandpack remained constant, 
such as when the saturation conditions were constant. The 
flowrate at the foam-generator depended upon the pump rate 
and the rate of change of differential pressure from the 
foam-generator to the outlet of the sandpack.
A second method for metering the air was to use a 
voltage to pneumatic pressure transducer to maintain the 
pressure in the delivery vessel to that measured at the 
inlet of the foam-generator. This method did not work 
because it created a feedback loop if the pressure to 
voltage and voltage to pressure transducers were not exactly 
linear and calibrated. The voltage to pressure transducer 
was also used to maintain pressure in the delivery vessel to
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just below the pressure measured at the inlet of the sand- 
generator. The air could then be metered with a positive 
displacement pump without the pump having to compress the 
air. This method did not work because the pressure to 
voltage and voltage to pressure transducers could not be 
calibrated so that they were together linear over the range 
of pressures required.
The method for metering the air used throughout the 
experiments was to control the air flow with a pressure 
regulator and a metering valve. The air flowrate at the 
inlet of the foam-generator was measured with a Gilmont 
compact #10 flowmeter (0.2 - 90 mL air/min) and the air 
flowrate at the outlet of the gas-liquid separator was 
measured with a Gilmont compact #11 flowmeter (1 - 280 
mL/min air). This method was not as accurate as a method 
using a positive displacement pump, but it did provide 
direct readings of flowrate. It was quite tedious because 
the pressure regulator and needle valve required constant 
supervision to maintain constant air flowrate at the outlet 
of the sandpack when the differential pressure conditions 
were changing.
Figure 5.4 is a diagram of the configuration of the 
apparatus used in the foam flush experiments. Much of the 
apparatus was described earlier.
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Figure (5.4) Sandpack Foam- flush Apparatus
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5.7.2 Determination of the Effect of Water Flowrate on
#2 Diesel Saturation
The purpose of soil wash experiment #2 was to observe 
the effects of velocity of the displacement phase on the 
recovery of #2 diesel. In other words, to investigate 
capillary number changes through increased velocity or 
pressure gradient. It was performed because foam injection 
would be expected to increase the differential pressure 
which could mobilize oil regardless of any other effects of 
the foam. This test investigated incremental #2 diesel 
recovery by waterflush alone at various flowrates.
The general procedures were to saturate the sandpack 
with water and flush with #2 diesel until no further water 
was produced. Water was then injected for several pore 
volumes at a low advance rate until no further diesel 
production was observed. The water injection rate was 
increased 4 times and each time any production of diesel was 
noted. The final injection rate was at the maximum pump 
capacity and represented a 30 fold increase over the first 
injection rate.
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5.7.3 Soil Wash Test #3: Foam Injection
Soil wash test 3 was the first foam flush experiment.
The purposes of the experiment were:
To test the foam generating equipment and 
methodology.
To establish a baseline to compare the effective 
permeability reduction to air and air plus water 
after a foam flush.
To compare the resistance factor of a foam without 
and with added polymer.
To determine the incremental amount of #2 diesel 
that could be recovered using foam.
The experiment consisted of injecting diesel into a 
water saturated sandpack and then flushing the diesel with 
water to provide an initial diesel contamination in a liquid 
saturated sandpack. The sandpack was unsaturated by 
injecting air to remove as much liquid as was possible in 
order to simulate a vadose zone. Air and water were then 
injected simultaneously to provide a baseline resistance 
factor to compare with foam injection.
A foam made of the 1.0% Bioterge PAS 8S solution was 
injected at several flowrates. The increasing flowrates 
were to determine if a minimum flowrate was required to 
provide a "stable" foam in the presence of diesel and to 
note any changes in the diesel recovery rate. A foam made 
of the 1.5% Bioterge PAS 8S surfactant plus 300 mg/L Flocon
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4800 polymer was then injected to see if the foam stability 
or diesel recovery rate improved due to the addition of 
polymer to the foam. Liquid samples were collected using a 
fraction collector to determine the fraction of oil in the 
discharge stream and the incremental oil recovery. The 
detailed procedures are given in Appendix A5.5 at the end of 
this chapter.
5.7.4 Effect of Gravity Separation on Oil Recovery and
Constant Rate Foam Injection: Sandpack Experiment 
Number 4
Experiment 4 was different from the preceding 
experiment in that the diesel recovery portion was all 
performed at a constant rate. The sandholder was also 
placed in a vertical position and advantage was taken of 
gravity effects to optimize the displacement efficiency. 
Thus, aqueous solutions were injected from the bottom up and 
oil, air and foam were injected from the top down. The 
surfactant solution used for the foam was 1.0% Bioterge PAS 
8S plus 300 mg/L Flocon 4800 polymer. The concentration of 
the polymer was sufficient to provide a unit mobility ratio 
for the liquid phase of the foam displacing the diesel at 
the liquid phase advance rate. The liquid phase advance 
rate was assumed to be equal to the fraction of liquid in 
the foam mixture times the foam production rate. The 
detailed procedures are outlined in the Chapter 5 Appendix.
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5.7.5 Resistance Factor Performance of Foam Without
Degradation by Oil: Sandpack Experiments 5 and 6.
The presence of oil tends to destabilize and degrade 
foams as they flow through porous media as discussed in 
Chapter 4. The purpose of these experiments was to 
determine if the resistance factor provided by the foams was 
different in experiments in which no oil was present in the 
porous media. One could then ascertain the effect of oil on 
the foam stability.
The experiments were procedurally quite similar, 
although the volumes and rates of foam injection in 
experiment 6 were greater. Generally, the experiments 
involved unsaturating a water saturated sandpack by 
injecting air to simulate an uncontaminated vadose zone.
Foam made from a solution of 1.0% Bioterge PAS 8S surfactant 
plus 300 mg/L Flocon 4800 polymer was then injected at 
increasing flowrates. The stability of the foam was 
monitored by determining the resistance factor at various 
points along the sandpack. The foam was presumed to be 
stable if resistance factors greater than the baseline 
developed and were fairly uniform along the length of the 
sandpack. The detailed procedures are given in the Appendix 
to Chapter 5.
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5.7.6 Viscous Oil recovery by Surfactant or Surfactant 
Polymer Foam Flush: Experiments 8, 9, and 10.
The preceding sandpack experiments were performed to
study many of the possible mechanisms by which foam flooding
could recover additional oil. These final experiments were
performed to determine if foam flooding could improve the
oil recovery rate for a viscous oil compared with
waterflooding and air flooding and if additional oil could
be recovered. The oil in these experiments was the 60:40
blend of vacuum pump oil and #2 diesel. The viscosity of
the oil blend was 10 times greater than that of the #2
diesel alone, thus the mobility ratio would be expected to
be less favorable for water or air displacing the oil. To
study the different oil recovery mechanisms, the foams were
made of different solutions. The differences in the
experiments were:
in experiment 8, no polymer was included in the 
surfactant foam, but the surfactant used reduced 
the interfacial tension between the aqueous 
solution and the oil by a factor of 750.
in experiment 9, the same surfactant was used as 
that in experiment 8, but polymer was added at a 
concentration that would provide a unit mobility 
ratio for the liquid displacing the oil at the 
liquid advance rate.
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in experiment 10, polymer was added to the 
surfactant solution at the same concentration as 
in experiment 9, but a different surfactant was 
used that did not greatly reduce the interfacial 
tension between the oil and surfactant solution. 
Ideally, no surfactant at all would have been 
used, but a foam cannot be made without the 
surfactant.
The procedures for the three experiments were identical 
except for the composition of the foam. The general 
procedures were to inject the oil blend into a water 
saturated sandpack until no additional water was discharged. 
Water was injected to remove as much oil as was possible by 
waterflushing. Air was then injected to unsaturate the 
sandpack to simulate an oil contaminated vadose zone. A 
volume of the foam was then injected so that 2 pore volumes 
of the liquid phase of the foam had been injected. This was 
followed by air and water at the same ratio as used to make 
the foam for 1 pore volume of water. Finally the sandpacks 
were flushed with air. The specific procedure is outlined 
in the Appendix to this chapter.
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Chapter 5 Appendix 
Experimental Procedures
A5.1 Foam Stability Test Procedures
The procedure used to measure foam stability is listed 
below.
Add 10 mL of surfactant solution to a 50 mL Kimax 
20039 graduated cylinder.
Drain 25 mL of the surfactant solution from a 
Fisher #13-665N 25 mL pipet connected to an air 
pressure line with 10 psig static pressure into 
the graduated cylinder from a distance of 9 inches 
above the bottom of the graduated cylinder.
Measure the foam height above the liquid surface 
after 1 minute and 31 minutes.
A5.2 Sandpack Packing Procedure
The procedures followed to provide sandpacks of 
reproducible porosity and permeability are outlined below.
1. Tare the completely assembled sandholder without 
added sand. This provides a baseline weight that 
the weight with sand and saturated sand can be 
compared with.
2. Add 50 mL of sand to the sandholder with the back
or floating endcap removed.
3. Compress the sand to 3000 psig with a piston
connected to a hydraulic press.
4. Repeat steps 2 and 3 for 12 to 13 "lifts" until
the sandholder is filled with sand to within 1 
inch of the end.
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5. Put sandholder in a retainer. The retainer is 
simply a set of 1/2 inch thick aluminum plates 
with 5/16 inch threaded rods in the corners. The 
sandholder was placed between the plates and 3000 
psig was applied. Nuts were fastened to the 
threaded rod and torqued to remove some of the 
load from the hydraulic press.
6. Re-weigh the sandholder to determine the weight of 
sand added to the sandholder.
7. Measure the length between the aluminum plates. 
This length minus the length of the endcaps 
provides the length of the column of sand in the 
sandholder.
8. Determine the sandgrain volume, pore volume and 
porosity from the sand weight of step 6 and the 
dimensions of step 7. The determinations of pore 
volume and porosity are:
bulk volume = I.D.2 x length between endcaps
sand weight 
sand gzain density
bulk volume - sand grain volume
pore volume 
bulk volume
9. Inject air at 4 flowrates to measure the absolute 
air permeability between the internal pressure 
taps, Kabs air. The overall pressure between the 
two pressure taps was measured with a Validyne DP- 
15 pressure transducer connected to a Validyne CD- 
12 signal demodulator and the transducer was 
calibrated to 2.0 psi with a column of water.
10. Saturate the sandpack with de-ionized water. This 
was accomplished by connecting the sandpack to a 
Welch model 1402B two stage vacuum pump capable of 
vacuums to 10~4 mm Hg. The vacuum was drawn for
sandgrain volume = 
pore volume = 
porosity =
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10 minutes. The inlet of the sandpack was closed 
to vacuum and the outlet was then opened to water. 
This vacuum followed by allowing water to imbibe 
was repeated until the weight of the sandpack 
between step 2 and 3 was constant. The weight 
gain from water provided a check for the porosity 
and pore volume determined in step 8 as:
1 mass of added waterpore volume = . T , °water density
A5.3 Procedures for Sandpack Experiment 1
The procedure for sandpack experiment 1 is given below. 
The first few steps were described in detail in the sandpack 
packing procedure.
1. Pack sand into sandholder according to the 
sandpack procedures given above.
2. Inject air at 4 flowrates to measure the absolute 
air permeability between the internal pressure 
taps, Kabs ,lt.
3. Saturate the sandpack with de-ionized water.
4. Inject de-ionized water at three frontal advance 
rates to determine the absolute permeability to 
water, Kabs water. The frontal advance rate is 
determined as:
advance rate =  flowr$ te ,—  (5.7)
area x porosity
5. Inject #2 diesel at four frontal advance rates to 
saturate the sand to an initial diesel oil 
saturation, Soi, (or residual water saturation) 
and determine the effective permeability to oil at 
residual water, Korw.
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6. Inject de-ionized water at 3 advance rates to a 
residual diesel oil saturation, Sor, and determine 
the effective permeability to water at residual 
oil, K̂ ,,.
7. Inject 400 mg/L Flocon 4800 xanthan gum polymer 
plus 1.0% Bioterge PAS-8S surfactant at 60.47 
ft/day advance rate.
8. Repeat step 7 at 30.2 ft/day.
9. Repeat step 7 at 7.55 ft/day.
10. Flush the polymer plus surfactant solution with 
de-ionized water at 60.47 ft/day.
11. Repeat steps 7 through 10 with 800 mg/L Flocon 
4800 plus 1.0% Bioterge PAS-8S.
12. Repeat steps 7 through 10 with 1200 mg/L Flocon 
4800 plus 1.0% Bioterge PAS 8S.
13. Remove the sand from the sandpack, weigh it and
extract the oil and water from the sand using a
Soxhlet extractor (57) modified with a Dean- 
Stark graduated side-arm (58) to collect the 
distilled water.
14. Remove the sand from the Soxhlet extractor, dry it 
in a vacuum oven and weigh it.
The residual diesel saturation is determined from the 
difference in weight of the sand containing oil and water in 
step 13, the amount of water collected in the Dean-Stark 
graduate cylinder and the dry weight of step 14. Generally, 
the amount of sand recovered in step 14 is slightly less 
than that loaded into the sandholder in step 1. Thus a 
correction is applied to the oil saturation value
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calculated. The calculation just described can be written 
as:
MF - mass of fluids after flood
= mass of saturated sand after flood - mass of dry sand
(5.8)
M02 = mass of oil in sandpack after flood
(5 9)= MF - mL water in sidearm x p
mL oil7 = mLs of oil extracted - — °2 (5.10)
PoiJ
mL oili = mLs of oil in sandpack after flood
rr>r «,• 7 „ initial sand mass (5.11)= mL oil0x— —------- - ----
* final sand mass
This provides an accurate way of determining the residual 
saturation of #2 diesel at the end of the sandflush. As a 
check, knowing the initial volume of oil in the sandpack was 
zero, the initial saturation is just the amount of water 
displaced during the saturation steps, less any volume held 
up in the "plumbing." The final saturation is just this 
initial saturation less the oil recovered.
Bulk samples of the liquids produced from the sandpack 
were collected during each step in the procedures. The #2 
diesel saturation at the end of each step is determined by 
adding the volume of free oil collected in all subsequent
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steps to the residual oil saturation. The saturation values 
may be low if substantial solubilized oil had been produced, 
as the amount of solubilized oil was not measured.
The absolute permeability to gas measured in step 2 
will be greater than the absolute water permeability 
measured in step 4. This is due to gas slippage or a 
phenomena known as the Klinkenberg effect (59). This 
phenomena occurs when the diameter of the capillary openings 
approaches the mean free path of the gas. A correction of 
Darcy's Law can be made to account for the phenomena, but 
this was not deemed necessary for this data.
A5.4 Procedure for Determining the Effect of Water Flowrate
on the Recovery of #2 Diesel
The procedures are outlined below.
1. Pack sand into sandholder according to the 
procedures given previously.
2. Saturate the sandpack with de-ionized water.
3. Inject de-ionized water at three frontal advance 
rates to determine the absolute permeability to 
water, Kabswater•
4. Inject #2 diesel at four advance rates, saturating 
to an initial diesel oil saturation, Soi, and 
determine the effective permeability to oil at 
residual water, Korw.
5. Inject de-ionized water at 5 increasing advance 
rates until the differential pressure is stable at 
each rate and no additional oil production is
T-4127 119
observed and determine the effective permeability 
to water at residual oil, K^.
6. Remove the sand from the sandholder and extract 
the liquids in a Soxhlet extractor to determine 
the final diesel and water saturation.
Incremental produced liquid samples were collected at 
approximately 7% pore volume, PV, intervals for fractional 
flow evaluations.
A5.5 Procedure For Sandpack Experiment 3: Foam Injection
into a Diesel Contaminated Sandpack
The procedures for this foam flood test are outlined 
below. The sandholder was in a horizontal position 
throughout this test.
1. Pack sand into sandholder according to the 
procedures given previously.
2. Inject air at four advance rates and measure the 
absolute permeability to air.
3. Saturate the sandpack with de-ionized water.
4. Inject de-ionized water at three frontal advance 
rates to determine the absolute permeability to 
water, Kabswater•
5. Inject #2 diesel at four advance rates to saturate 
to an initial diesel oil saturation, Sot, and 
determine the effective permeability to oil at 
residual water, Korw.
6. Inject de-ionized water 7.78 ft/day for 2.0 pore 
volumes until the differential pressure was stable 
and no additional oil production was observed and
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determine the effective permeability to water at 
residual oil, K^. Shut in for 72 hours.
7. Inject water at 6.52 ft/day for 1.07 PV.
8. Inject air at 7.73 ft/day for 5.19 PV to determine 
the effective permeability to air at residual oil 
and water and to unsaturate the sandpack.
9. Simultaneously inject air and water in the ratio 
(quality) that the foam will subsequently be 
injected at 4 injection rates.
10. Inject air plus surfactant solution simultaneously 
(as a foam) for 7.97 PV (of foam) to measure the 
oil recovery and injectivity loss resulting from 
the foam.
11. Inject air at 7.90 ft/day to compare with the 
resistance factor of step 7 and determine if foam 
injection has changed the effective permeability 
to air.
12. Repeat step 10. Increase the foam injection rate 
to 39.02 ft/day and to 156.38 ft/day to observe 
the effect of injection rate on foam stability and 
resistance factor.
13. Inject air plus surfactant-polymer solution at 
156.38 ft/day to compare the resistance factor and 
oil recovery with the last rate of step 12.
14. Inject air plus water solution to determine if 
surfactant or surfactant-polymer foam has changed 
the resistance factor relative to step 9.
15. Remove the sand from the sandholder and extract 
the liquids in a Soxhlet extractor to determine 
the final diesel and water saturation.
Incremental produced liquid samples were collected to 
determine fractional flow and incremental oil recovery 
starting at step 6.
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A5.6 Procedure for Determining The Effect of Gravity
Separation on Oil Recovery and Constant Rate Foam
Injection: Sandpack Experiment 4
The detailed procedures for the experiment are outlined 
below.
1. Pack sand into sandholder according to the 
procedures given in the Sandpack Procedures.
2. Inject air at four advance rates and measure the 
absolute permeability to air.
3. Saturate the sandpack with de-ionized water.
4. Inject de-ionized water at three frontal advance 
rates to determine the absolute permeability to
W a t e r  , K abs vater •
5. Inject #2 diesel from the top down at four advance
rates to saturate the sandcolumn to an .initial 
diesel oil saturation, So1, and determine the 
effective permeability to oil at residual water,
Korw. The final rate was that of the rest of the
experiment.
6. Inject de-ionized water at 31.2 ft/day for 2.68
pore volumes until the differential pressure is 
stable and no additional oil production is 
observed and determine the effective permeability 
to water at residual oil, K^. Shut in overnight.
7. Inject water at 31.2 ft/day for 1.83 PV to
determine if gravity separation during the shut-in
period would result in an additional waterflood 
oil production
8. Inject air from the bottom up at 31.16 ft/day for 
2.88 PV to determine the effective permeability to 
air at residual oil and water.
9. Inject air from the top down at 31.16 ft/day for
2.43 PV to see if additional oil and water could 
be produced when gravity effects were used.
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10. Simultaneously inject air and water in the ratio 
(quality) that the foam will subsequently be 
injected at a combined rate of 31.19 ft/day.
11. Inject air plus surfactant-polymer solution 
simultaneously (as a foam) at 31.19 ft/day for 
5.54 PV (of foam).
12. Repeat step 10 to determine if foam injection 
would provide a residual resistance factor. Shut 
in overnight.
13. Repeat step 10.
14. Inject air at 31.16 ft/day for 2 PV to compare the 
injectivity with that of step 9.
15. Remove the sand from the sandholder and extract 
the liquids using a Soxhlet extractor to determine 
the final diesel and water saturation.
Incremental liquid samples were collected beginning at 
step 6.
A5.7 Experimental Procedures for Determining the Resistance
Factor Performance of Foam Without Degradation by Oil:
Sandpack Experiments 5 and 6.
The procedures are listed below.
1. Pack sand into sandholder according to the 
procedures given in the Sandpack Procedures
2. Inject air at four advance rates and measure the
absolute permeability to air.
3. Saturate the sandpack with de-ionized water.
4. Inject de-ionized water at three frontal advance
rates to determine the absolute permeability to 
water, K,b!>
5S. For experiment 5, inject air horizontally at 216.5 
ft/day for 2.08 PV to determine the effective
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permeability to air at residual water. Shut in 
overnight.
56. For experiment 6, inject air from the top down at
three increasing advance rates to determine the 
effective permeability to air at residual water. 
Shut in overnight.
65. For experiment 5, inject air from the top down at
216.5 ft/day for 3.5 and then drop the rate to 
30.9 ft/day for the remainder of the experiment.
66. For experiment 6, inject air at 2,648 ft/day from 
the top down for 6.342 PV to maximize the initial 
air saturation of the sandpack.
75. Inject 1.0% Bioterge PAS 8S plus 300 mg/L Flocon 
4800 surfactant-polymer foam for 8.88 PV to 
measure the resistance factor compared with step 
65.
76. Inject 1.0% Bioterge PAS 8S plus 300 mg/L Flocon 
4800 surfactant-polymer foam for 9.77 PV at 38.08 
ft/day and for 4.37 PV at 76.15 ft/day.
85. Inject air plus de-ionized water at 3 0.9 ft/day 
for 2.8 PV.
86. Inject air at two flowrates.
9. Remove sand from sandholder and extract the
liquids using a Soxhlet extractor to determine the 
final water saturation.
Incremental produced liquid samples were collected 
beginning at step 5.
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A5.8 Procedures for Viscous Oil Recovery by Surfactant or
Surfactant plus Foam Flush: Experiments 8, 9 and 10.
1. Pack sand into sandholder according to the 
procedures given in the Sandpack Procedure.
2. Inject air at three advance rates and measure the 
absolute permeability to air.
3. Saturate the sandpack with de-ionized water.
4. Inject de-ionized water at three increasing 
frontal advance rates to determine the absolute 
permeability to water, Kabs water.
5. Inject 60:40 vacuum pump oil : diesel blend at 4 
decreasing injection rates until the pressures 
were stable and no additional water was produced. 
The final rate, 31 ft/day was that of the 
remainder of the experiment.
6. Inject water at 31 ft/day for 2 PV.
7. Inject air overnight for about 14 PV.
8. Inject foam for 8 pore volumes at 75% quality (or
exactly 2 pore volumes of liquid injection).
9. Inject air plus water at 75% quality for 4 pore 
volumes (or 1 pore volume of water injection).
10. Inject air overnight for about 14 PV.
11. Remove sand from the sandholder and extract the
liquids in a Soxhlet extractor to determine the 
final oil and water saturation.
Incremental liquid samples were collected beginning at 
step 6. The produced liquid was assayed for injected 
chemical beginning at step 8. The chemical was used as a 




6.1 Results of Interfacial and Surface Tension Measurements 
A great many surfactant types and concentrations were 
tested to determine which would most reduce the interfacial 
tension between #2 diesel and water or the blend of #2 
diesel mixed with vacuum pump oil and water. The majority 
of the information gathered from the interfacial tension 
measurements does not pertain to this thesis. These results 
can be found in Appendix A.
After the investigation of interfacial tension effects 
of non-ionic surfactants on #2 diesel, anionic surfactants 
were used. Properties of the anionic surfactants used were 
shown in Table 5.3. Two anionic surfactants were used at 
varying concentration to see the effect of surfactant 
concentration upon the interfacial tension for #2 diesel.
The results are shown in Figure 6.1. The lowest interfacial 
tension between the #2 diesel and aqueous surfactant 
solutions measured was using 1.0% Bioterge PAS 8S.
The focus of the interfacial tension measurements 
shifted from using #2 diesel as an oil phase to using a more 
viscous blend of oil. The reason was that in the 
displacement studies, the higher viscosity oil will have a
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Figure (6.1) Interfacial Tension between #2 Diesel and
Anionic Surfactants versus Surfactant 
Concentration.
less favorable mobility ratio. The oil blend was 60% vacuum 
pump oil and 40% #2 diesel. The combination had a viscosity 
10 times that of #2 diesel alone. Unfortunately, the 
surfactant which best reduced the interfacial tension for #2 
diesel did equivalently reduce the interfacial tension of
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the oil blend. Other surfactants or surfactant combinations 
had to be used.
Because the major component of the oil blend was the 
vacuum pump oil, it was believed that a surfactant that 
reduced the interfacial tension of the vacuum pump and water 
could be used to reduce the interfacial tension of the oil 
blend. A series of interfacial tension measurements for 
aqueous anionic surfactant solutions and the vacuum pump oil 
was performed. The results are listed in Table 6.1. The 
surfactant AES 1215-7P-2ES was found to reduce the 
interfacial tension the greatest.
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Table 6.1 Interfacial Tension Between 1% Aqueous Surfactants 
and Vacuum Pump Oil at 72°F
Surfactant Interfacial
Surfactant Concentration Tension
Manufacturer TVoe % dvne/cm
Stepan Bioterge PAS-8S 1.00 1.307 s
PPG SIS 1.00 0.910 s
Stepan 50:50 PAS-8S:SIS 1.00 0.896 s
Red Devil Trisodium Phosphate 1.00 1.178 s
Stepan Bioterge ID-100 1.00 1.019 s
Stepan Polystep A-18 1.00 1.494 s
Stepan Polystep A-7 1.00 0.163 s
Stepan Nacconol 90F 1.00 0.746 s
Stepan Nacconol 35SL 1.00 0.577 s
Stepan Ninate 411 1.00 0.212 s
Stepan Ninol 11CM 1.00 0.457 s
Stepan Ninate 410 1.00 0.105 s
Shell IOS 1517 1.00 1.178 s
Shell IOS 1518 1.00 0.946 s
Shell IOS 1720 1.00 0.982 s
Shell IOS 2024 1.00 0.503 s
Shell AOS 1618 1.00 0.746 s
Shell AOS 2024 1.00 1.019 s
Shell LXS C810 1.00 0.910 s
Shell LXS 1112 1.00 1.178 s
Shell LXS 370/60 1.00 0.503 s
Shell LXS 420/60 1.00 1.097 s
Shell AES 1215-3P-3ES 1.00 1.307 s
Shell AES 1215-7P-2ES 1.00 0.105 s
* Interfacial tension values denoted with 
a "D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
SIS = sodium lauryl sulfate
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Interfacial tension measurements were also made for the 
oil blend. It was felt that a surfactant that worked well 
at reducing the interfacial tension of the vacuum pump oil 
alone could be combined with a surfactant that worked well 
with the #2 diesel to form a surfactant blend that would 
reduce the interfacial tension of the vacuum pump oil plus 
#2 diesel blend. Rather than also bringing into the 
determination a question of the appropriate concentration, 
only 1.0% surfactants were used. At concentrations greater 
than the critical micelle concentration, the effect of 
surfactant concentration should not be as significant as it 
is below the CMC. The CMC was less than 1.0% for all of the 
surfactants used. The results for the interfacial tension 
between 1.0% total surfactant concentration solutions and 
the 60% vacuum pump oil and 40% #2 diesel blend are compiled 
in Table 6.2. The lowest interfacial tension measured was 
for a 60:40 blend of AES 1215-7P-2ES and Bioterge PAS 8S. 
These are individually the two surfactants that most reduced 
the interfacial tension for the vacuum pump oil and #2 
diesel, respectively. The 1.0% total concentration 
surfactant blend is at the same ratio as is the oil blend.
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Table 6.2 Interfacial Tension Between 1% Aqueous Surfactants 








Bioterge PAS 8S 1.00 1.205 D
with 300 mg/L Flocon 1.00 0.943 D
with 500 mg/L Flocon 1.00 0.176 s
SLS 1.00 0.813 s
50:50 PAS-8S:SLS 1.00 0.475 s
Polystep A-7 1.00 0.263 s
Ninol 11CM 1.00 0.450 s
60:40 A-7:PAS 8S 1.00 0.126 s
60:40 AES 1215-7P-2ES:
Bioterge PAS 8S 1.00 0.025 s
with 500 mg/L Flocon 1.00 0.025 s
Chaser SD-1000 1.00 3.366 D
with 500 mg/L Flocon 1.00 2.633 D
Neodol LXS 1314 1.00 1.118 D
Neodol 25-3S 1.00 0.943 D
Stepanate C-5 1.00 7.477 D
500 mg/L Flocon 0.00 11.73 D
* Interfacial tension values denoted with 
a ”D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an ”sM are spinning drop measurements.
SLS = sodium lauryl sulfate
A-7 = Polystep A7
PAS 8S = Bioterge PAS 8S
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6.2 Results of Solubilization and Emulsification
Experiments
The results of the phase volume measurements for the 
phase behavior solubilization experiments are compiled in 
Table 6.3 with #2 diesel as the oil phase and in Table 6.4 
for the 60:40 oil blend. The top phase is an oil phase.
The bottom phase is always an aqueous phase. The appearance 
of a middle phase is due to emulsification of some of the 
oil by the surfactant solution. In some instances, the 
entire upper or lower phase is consumed by an emulsion. The 
initial upper phase represented 16.6% of the total. If the 
upper phase volume is less than 16.6%, then some of the oil 
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6.3 Results of Foam Stability Tests
The results of the foam stability test using the 
modified Ross-Miles test are presented in Table 6.5. The 
foam height above the liquid surface is shown at 1 minute 
and at 31 minutes for different liquid compositions.
Table 6.5 Foam Test: Foam Height versus Time
Solution
Foam Height 
mm at Tx 
= 1 min.
1% Bioterge PAS 8S 20.0
Foam Height 
mm at T2 
= 31 min. 
10.5
1% Bioterge PAS 8S
+ 300 mg/L Flocon 4800 22.6 15.0
1% Bioterge PAS 8S
+ 500 mg/L Flocon 4800 25.1 15.6
0.6% AES 1215-7P-2ES +
0.4% Bioterge PAS 8S +
500 mg/L Flocon 4800 22.6 14.5
1% Chaser SD-1000 +
500 mg/L Flocon 4800 27.6 18.8
500 mg/L Flocon 4800 11.3 4.5
1% Sodium Lauryl Sulfate 21.3 14.4
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6.4 Results of Surfactant-Polymer In-Situ Rheology
Experiment.
The physical properties of the sandpack and for the 
fluids injected during sandpack experiment 1 are summarized 
in Table 6.6. This sandpack is very representative of all 
of the subsequent sandpacks, having a porosity of about 
32.5%. The table lists the apparent viscosity of the 
liquids measured at one shear rate. The viscosity of the 
polymer solutions is dependant upon the shear rate as well 
as polymer concentration as was discussed in Chapter 3.
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Table 6.6 Thesis Sandpack 1: Sandpack and Injected Fluid 
Properties
Sandpack Properties Unit Value
Sand Mass
Sand Grain Density 
Pore Volume












viscosity at 70°F 
density at 70°F
#2 Diesel
viscosity at 70°F 
density at 70°F
400 mg/L Flocon 4800 plus 
1.0% Bioterge PAS-8S
viscosity at 70°F and 7.34
800 mg/L Flocon 4800 plus 
1.0% Bioterge PAS-8S
viscosity at 70°F and 7.34
1,200 mg/L Flocon 4800 plus 
1.0% Bioterge PAS-8S











Table 6.7 is a summary of the data collected at the end 
of each step for this first sandpack experiment and is 
referred to as an endpoint summary. The table lists the 
pore volume and rate at which the various fluids were 
injected, the resulting differential pressures measured, and 
the calculated resistance factors and effective 
permeabilities. The data is chronological so the table 
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The incremental pressure data collected during each of 
the steps outlined in the preceding Table 6.7 End Point 
Summary is included in the appendix as table C.l. This data 
was used to create the resistance factor data presented in 
Figure 6.2. Much of the data generated here will be used to 
compare with the foam flush experiments. The resistance 
factor baseline was for water displacing oil. Thus the 
mobility ratio is given by the resistance factor of oil as 
explained in Chapter 4.
The legend of Figure 6.2 shows the resistance factor as 
RF-l, RF2, and RFT. This corresponds to the resistance factor 
over the lengths for which the differential pressures were 
measured: APX/ AP2, and Apt. The pressure points were 
measured along the length of the cylindrical sandpack. APX 
was the pressure drop 1 inch from the upstream sand face to 
3 inches from the sand face. The sand face refers to the 
beginning of sand in the sand column. APt was the pressure 
drop from 1 inch from the sand face to 12.8 inches from the 
sand face. AP2 is the difference between Apt and APX. A 
stable foam would exhibit uniform resistance factors along 
the length of the sandpack.
T-4127 142
■ i i■ ox
^ P ^ W  ^ V 0 9  * P»*1»oi-  » ■—
A»P 1̂,1 99*£ •
^PP/'U C2*0C *
Aop/IJ. ^p*09 « S8 ••d  * 0 ’ l * 008V uooofj
XOP/'IJ. Z>*09 t» «»oton POXtMOI-OQ
<»p/t
CZ*0C *
^•P/"»l ^V*09 *  S8 ,0d • 8 j*'»°ia *0*1 ♦ 008V uoooij"-^
*®P/"W Z V 0 9  ®M ppxiuoj-
*»PX1J 6C*09 S8 *°d •0J*‘>oi8 *0*1 ♦ 008V «©ooij *vOui 00*r
6C*09 *  °M p**1«oj- * q
Aip/IJ. 18*021 «*
VC *112 « J»1«M P*2iu o i- oq 
Aop^U 6C*09 •  2#
O i— i— i— i— i— i— i— |— i— |— i— |— i— |— i— |— i— r3 8 8 5 8 2 2 ® ^
<0*1OJ, SdOlDVd 30NVlSIS3a TVlN3W3iONI
■8
_00
Avp/lj. 39 V  

































The resistance factor data compiled in Table 6.7 was 
used to determine the concentration of polymer required to 
efficiently displace the diesel. The technique used for 
this determination will be described in the discussion of 
results.
The amount of Bioterge PAS 8S surfactant and Flocon 
4800 polymer retained by the sandpack were determined. The 
effluent samples collected during the flush were tested for 
these chemicals. Retention of the polymer would be expected 
to provide a residual resistance factor. Consumption of the 
polymer also means that the polymer concentration will 
decrease compared with the injected concentration until all 
of the sites in the porous media that can adsorb or entrap 
the polymer (or surfactant) have been satiated. The results 
are presented in Table 6.8. The overall consumption is 
listed as "Loss” of the "Chemical Injected" at the bottom of 
the table. The surfactant concentration in the samples was 
determined by the methyl blue method (60) and the 
polymer concentration was determined by a standard 
polysaccharide assay (61).
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Table 6.8 Thesis Sandpack 1: Bioterge PAS 8S and Flocon 4800 
Concentration of Produced Fluids and Chemical 
Loss.
Cumulative Aqueous Concentration
Effluent Volume Bioterge PAS-8S Flocon 4800
Fluid Injected (PV) mL mg/L mg/]
De-Ionized Water 4.36 91.50 0 0
1.0% Bioterge PAS 8S 5.00 97.00 0 0
+ 400 mg/L Flocon 5.49 102.50 4344 192
6.05 98.90 9834 395
6.72 118.90 9835 443
De-Ionized Water 8.09 249.00 4810 242
8.40 97.00 1223 63
8.97 54.00 790 42
1.0% Bioterge PAS 8S 10.36 247.95 3591 337
+ 800 mg/L Flocon 10.93 101.00 9896 796
11.35 76.00 9993 796
De-Ionized Water 12.75 247.00 3306 430
1.0% Bioterge PAS 8S 14.15 249.70 4750 588
+ 1200 mg/L Flocon 14.74 104.95 9714 1195
15.90 207.00 9898 1162
De-Ionized Water 18.77 509.00 2410 339
Chemical Injected Loss, mcr/100 q of sand Loss. % of Injected 
Bioterge Pas 8S 153.8 13.6
Flocon 4800 22.2 26.3
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6.5 Results of Foam Flush Sandpack Experiments
The physical properties of the 10 sandpacks made are 
summarized in Table 6.9. The table shows that the sandpacks 
were fairly uniform with respect to initial conditions. The 
#2 diesel effective permeability at residual water 
saturation averaged 7.14 pm2 with a standard deviation of 
0.45 urn2 for the 4 tests using diesel. The average 
effective permeability to the 60:40 oil blend was 9.70 |xm2 
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The average initial oil saturation for the experiments 
using #2 diesel was 0.730 PV with a standard deviation of 
0.018 PV. This demonstrates similar initial diesel 
saturation conditions which again shows the uniformity of 
the sandpacks. The average saturation for the three 
experiments using the more viscous oil blend was 0.855 PV 
with a standard deviation of 0.011 PV. Because the 
saturation conditions are comparable (for experiments with 
the same oil) the effective permeability values in Table 6.9 
should also be comparable. The greater average effective 
permeability to oil seen for the 60:40 oil blend experiments 
compared with the diesel experiments is partly due to the 
higher oil saturation obtained when displacing water with 
the more viscous oil blend (more favorable mobility ratio 
for oil displacing water).
Table 6.10 is a summary of the properties of the 
injected fluids used in the experiments. Table 6.11 is a 
summary of the volumes of fluids injected in the 
experiments. Table 6.12 shows the oil recovery results of 
the experiments. These tables are useful in comparing 
differences in the experiments and in the oil recovery 
efficiency.
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Table 6.10 Sandpack Injected Fluid Properties Summary: 
Sandpack Flood Experiments
page 1
Experiment Number 1 2  3
INJECTED FLUID PROPERTIES
Air
viscosity at 70°F 
De-ionized Water
cp 0.018 0.018 0.018
viscosity at 70°F cp 0.98 0.98 0.98
density at 70°F g/mL 0.998 0.998 0.998
Oil Type Diesel Diesel Diesel
viscosity at 70°F cp 2.31 2.31 2.31
density at 70°F 
Surfactant + Flocon 4800




& 7.34 s'1 cp 9.2 -- --
density at 70°F 





& 7.34 s'1 cp 25.7 -- --
density at 70°F 
Surfactant + Flocon 4800




& 7.34 s-1 cp 49.0 -- --
density at 70°F g/ml 1.000 — — --




& 7.34 s-1 cp -•— -- 1.03
density at 70°F 
Surfactant + Flocon 4800




& 7.34 s-1 cp -- -- 4.9
density at 70°F g/ml -- -- 1.000
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Table 6.10, page 2
Experiment Number 4 5 6
INJECTED FLUID PROPERTIES
Air
viscosity at 70°F cp 0.018 0.018 0.018
De-ionized Water
viscosity at 70°F cp 0.98 0.98 0.98
density at 70°F g/mL 0.998 0.998 0.998
Oil Type Diesel -- --
viscosity at 70°F cp 2.31 -- --
density at 70°F g/mL 0.813 — — — — -
INJECTED FLUID PROPERTIES: LIQUID PHASE OF FOAM
Surfactant Type PAS-8S PAS-8S PAS-8S
Surfactant + Flocon 4800
polymer concentration mg/L 300 300 300
viscosity at 70°F
& 7.34 s"1 cp 4.9 4.9 4.9
density at 70°F g/ml 1.000 1.000 1.000
Experiment Number 8 9 10
INJECTED FLUID PROPERTIES
Air
viscosity at 70°F cp 0.018 0.018 0.018
De-ionized Water
viscosity at 70°F cp 0.98 0.98 0.98
density at 70°F g/mL 0.998 0.998 0.998
Oil Type 60:401 60:4c1 60:40*
viscosity at 70°F cp 20.8 22.2 22.2
density at 70°F g/mL 0.869 0.869 0.869
INJECTED FLUID PROPERTIES: LIQUID PHASE OF FOAM
Surfactant Type 60:402 60:402 60:402
Surfactant + Flocon 4800
polymer concentration mg/L 0 500 500
viscosity at 70°F
& 7.34 s"1 cp 0.99 10.4 10.4
density at 70°F g/ml 1.000 1.000 1.000
1 60:40 Blend of Vacuum Pump Oil : #2 Diesel
2 60:40 Blend of AES 1215-7P-2ES : Bioterge PAS 8S
T-4127 151
Table 6.11 Injected Volume Summary: Sandpack Floods
page 1
Experiment Number 1 2  3
LIQUIDS INJECTED
De-Ionized Water PV 1.89 0.93 1.30
Oil Type Diesel Diesel Diesel
Oil Volume PV 5.24 4.53 3.95
De-ionized Water PV 4.36 9.37 3.04
Surfactant type PAS 8S -- ---
Surfactant Concentration % 1.0 -- --
Surfactant Volume 
Surfactant + Flocon 4800
PV 0 ■" ™ ™
polymer concentration mg/L 400 -- --
volume PV 2.36 -- --
De-ionized Water flush PV 2.25 -- --
polymer concentration mg/L 800 -- --
volume PV 2.38 -- --
De-ionized Water flush PV 1.40 --- ---
polymer concentration mg/L 1,200 -- ---
volume PV 3.15 -- ---
De-ionized Water flush PV 2.87 —— — —
FOAMS INJECTED
Air PV --- -- 5.19
Air + Water Quality Vair/Vtotal -- -- 0.80PV -- -- 11.01
Foam Surfactant Type --- -- PAS 8S
Surfactant Concentration % --- -- 1.0
Foam Quality Vair/Vtotal --- --- 0.75Foam Volume PV --- --- 2.39
Air PV --- --- 3.11
Foam Surfactant Type --- --- PAS 8 S
Surfactant Concentration % --- --- 1.0
Foam Quality Vair/Vtotal --- --- 0.80Foam Volume PV --- --- 14.75
Foam Surfactant Type
Surfactant Concentration %
— — — PAS 8S 
1.0
Polymer Concentration mg/L - - --- 300
Foam Quality Vair/Vtotal-- --- 0.8
Foam Volume PV --- --- 7.46
Air + Water Quality Vair/Vtotal-- --- 0.80
Volume PV --- --- 7.44
Air PV --- --- ---
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Table 6.11, page 2
Experiment Number 4 5 6
LIQUIDS INJECTED
De-ionized Water PV 2.99 1.08 1.25
Oil Type Diesel --- ---
Oil Volume PV 4.77 --- ---
De-ionized Water PV 4.51 — — ---
FOAMS INJECTED
Air PV 5.38 9.16 19.62
Air + Water Quality Vair/Vtotal 0.75 --- ---
PV 2.19 --- ---
Foam Surfactant Type PAS 8S PAS 8S PAS 8S
Surfactant Concentration % 1.0 1.0 1.0
Polymer Concentration mg/L 300 300 300
Foam Quality Vair/Vtotal 0.75 0.75 0.80
Foam Volume PV 5.54 9.47 14.14
Air + Water Quality Vair/Vtotal 0.75 0.75 ---
Volume PV 3.65 2.80 ---
Air PV 1.99 5.02
Experiment Number 8 9 10
LIQUIDS INJECTED
De-ionized Water PV 1.41 1.36 1.56
Oil Type 60:403 60:4c1 COMO1
Oil Volume PV 2.86 3.39 2.73
De-ionized Water PV 2.01 2.02 2.00
FOAMS INJECTED
Air PV 14.98 17.98 12.97
Foam Surfactant Type 60:40* 60:402 60:402
Surfactant Concentration % 1.0 1.0 1.0
Polymer Concentration mg/L 500 500 500
Foam Quality Vair/Vtotal 0.75 0.75 0.75
Foam Volume PV 8.65 7.74 7.35
Air + Water Quality 0.75 0.75 0.75
Volume PV 4.83 4.02 3.91
Air PV 14.10 14.02 14.49
3 60:40 Blend of Vacuum Pump Oil : #2 Diesel
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Figures 6.3 through 6.10 contain information about the 
saturation of the various fluids as a function of the amount 
of fluid discharged from the sandpacks. The labels on the 
figures that are parallel with the y-axis indicate what 
fluid was being injected and at what rate. The oil and 
water saturation are explicitly shown. The gas saturation 
(if the experiment had a gas injection step) can be inferred 
from the oil and water saturation because the sum of the 
oil, water and gas saturations is 100%.
The figures also contain data about the amount of oil 
recovered and the rate at which it is being recovered. The 
amount of the initial oil saturation of the sandpack that 
was recovered is shown as "Oil Recovery, %Soi." The volume 
percent of oil in the liquid stream discharged from the 
sandpack is the "Oil Cut %" which is the unlabeled line.
The rate of oil recovery is a function of this oil cut.
High oil cuts observed during gas injection do not 
necessarily represent significant recoveries because the 
total liquid volume produced rapidly becomes very small.
The high oil cuts observed when the oil recovery curve is 
also increasing implies efficient removal of the oil. 
Appendix B includes all of the tables from which the data 
for these figures was obtained.
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Resistance factor data is compiled in Appendix C. 
Figures 6.21 through 6.27 depict the resistance factor 
versus cumulative produced fluids for sandpack experiments 3 
through 10. From these figures one can determine what fluid 
is being injected, at what rate, and the resistance to flow 
through the sandpack exhibited by the fluid.
The resistance factors are based upon water as the 
displacing phase in experiments 1 though 4. The resistance 
factors are based upon air as the displacing phase in
experiments 5 through 10. This is because air was the last
fluid injected before foam injection commenced in
experiments 5 through 10 and the water saturations were
completely different making it unreasonable to compare the 
resistance factor for a saturated condition with an 
unsaturated condition.
The resistance factors can be compared for one fluid 
baseline to the other simply by normalizing the values to 
the resistance factor of the fluid of interest.
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The overall performance at the end of each step is 
compiled in the endpoint summaries of Tables 6.13 through 
6.20 for sandpack experiments 2 through 10. These tables 
include the injection rate and volume of the injected 
fluids, and quality of the foams. The saturations of oil, 
gas and water are included. The endpoint pressures are not 
listed, but the calculated resistance factors and effective 
permeabilities that are listed, are functions of the 
pressures. The complete incremental pressure history may be 
found in Appendix C. Effective permeability is only listed 
for Newtonian fluids, oil, water, and gas. The viscosity of 
polymer solutions and foams is dependant upon the shear 
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The aqueous liquid fractions of the incremental 
produced fluid samples collected from experiments 8 through 
10 were assayed for surfactant and polymer content. The 
concentrations measured in the aqueous phase of the sandpack ' 
discharge stream for experiments 8 through 10 are listed in 
Tables 6.21 through 6.23 and depicted in Figures 6.18 
through 6.20. The chemicals were used as a tracer to 
determine when the injected solution was being produced 
relative to any increase of oil production rate. The total 
amount of chemical retained by the sandpacks was determined 
by mass balance and are included as "Loss" at the bottom of 
the tables. Adsorption or entrapment of the chemicals by 
the sandpack removes them from the liquid phase thereby 
causing a reduction in the effectiveness of mechanisms that 
are dependant upon the chemical's concentration.
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Effluent Volume 60:40 Blend
Fluid Injected__________ CFJ)_____ mL______________ %
Air
0.6% AES 1215-7P-2ES +






































Table 6.21, page 2
Effluent
Cumulative Aqueous Concentration
Effluent Volume 60:40 Blend








60:40 Blend of 











FLoccn 4800 60:40 ELend
Fluid Injected fEV) iriL ira/L %
20.002 327.39 33 0.00
20.151 1.20 33 0.00
20.294 0.10 33 0.00
20.437 0.10 33 0.00
20.580 0.10 33 0.00
20.751 5.09 66 0.00
20.950 9.50 52 0.01
21.131 6.55 82 0.08
21.312 6.50 214 0.10
21.492 5.80 277 0.23
21.677 6.30 322 0.34
21.858 5.30 368 0.41
22.045 5.75 306 0.45
22.237 6.60 335 0.50
22.429 6.70 425 0.55
22.630 8.20 374 0.63
22.812 5.70 431 0.56
23.009 8.90 377 0.67
23.197 6.80 351 0.70
23.396 8.70 404 0.72
23.582 7.00 315 0.76
23.776 8.10 381 0.87
23.966 7.70 440 0.86
24.160 8.15 319 0.86
24.351 8.00 413 0.87
24.539 7.60 448 0.94
24.734 8.60 492 0.92
24.920 7.20 448 0.83
25.112 8.20 409 0.89
26.070 40.60 467 0.99
27.000 38.35 474 1.02
27.740 28.15 438 1.08
28.340 29.10 485 1.06
28.533 9.38 483 0.99
28.729 9.28 485 1.11
28.928 9.79 420 1.02
29.116 8.00 225 0.87
Air
0.6% AES 1215-7P-2ES + 
0.4% Biotecge PAS 8S 






60:40 Blend of 
AES 1215-7P-2ES : 
Biaterge IAS 8S
T&ble 6.22, F&ge 2
Qjiulative Agjeous Effluent GCroentrafcim
Effluent Volume ELocm 4800 60:40 Blend
(FT) iriL mct/L %
29.308 8.59 190 0.67
29.504 9.19 161 0.41
29.696 8.69 93 0.32
29.876 6.60 119 0.27
30.070 8.90 100 0.27
30.264 8.99 75 0.24
30.458 8.90 65 0.15
30.650 8.49 58 0.13
30.840 8.40 0 0.15
31.760 36.08 48 0.11
32.220 18.10 67 0.09
34.240 16.60 58 0.08
45.730 16.80 119 0.16
Chemical loss 
mass % injected 
0.01 g 0.3
ELoocn 4800 1.67 mg 1.1
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FLocm 4800 Chaser SD
Fluid Imected rm mL ltn/L %
15.132 321.19 0 0.00
15.779 10.69 0 0.00
15.964 6.55 1 0.00
16.145 5.70 19 0.03
16.327 5.60 95 0.28
16.514 6.30 249 0.27
16.708 7.00 247 0.41
16.906 7.40 307 0.50
17.099 6.70 386 0.55
17.290 6.30 369 0.65
17.482 6.60 376 0.67
17.674 6.80 384 > 0.73
17.869 7.30 402 0.77
18.062 7.30 450 1.05
18.256 7.40 440 0.96
18.452 7.60 360 0.82
18.646 7.40 489 0.83
18.840 7.40 420 0.86
19.034 7.40 495 1.04
19.227 7.60 455 0.94
19.423 7.70 420 0.78
20.010 23.90 507 0.89
20.590 22.90 453 0.93
21.170 23.40 541 0.93
21.750 16.80 493 0.94
22.320 13.30 425 0.94
22.531 11.40 417 0.92
22.734 9.75 465 0.94
22.934 9.20 525 0.97
23.141 10.20 468 0.96
23.346 10.10 429 0.97
23.551 10.25 424 0.92
23.735 6.48 319 0.69
23.918 6.48 389 0.71
24.110 8.08 331 0.69
24.309 9.08 267 0.57
24.510 9.60 210 0.44
Air
1.0% Chaser SD-1000 








Table 6.23, page 2
Q irulative Ayeous Effluent CtrcoTtraticn
Effluent Volume Flctxn 4800 Chaser SD
(IV) iriL ma/L %
24.709 9.20 179 0.30
24.906 9.15 128 0.23
25.107 9.19 172 0.25
25.306 9.20 138 0.24
25.490 6.70 83 0.16
25.641 1.00 73 0.19
25.846 10.19 50 0.13
26.048 9.80 41 0.12
26.223 0.10 40 0.07
26.453 6.20 40 0.07
26.663 2.90 7 0.08
27.266 4.00 33 0.07
27.861 2.80 19 0.08
28.456 2.70 22 0.06
29.046 1.80 44 0.08
31.394 5.30 24 0.10
40.714 8.90 44 0.14
Chemical loss 
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Chapter 7 
Discussion of Experimental Results
7.1 Discussion of Interfacial Tension and Surface Tension
Results
The discussion of the results of interfacial tension 
measurements and surface tension measurements that were 
performed for this thesis, but not germane, can be found in 
Appendix A.
The interfacial tension between #2 diesel and the de­
ionized water was 24.22 dyne/cm. From the discussion about 
capillary number given in Chapter 2, we can associate an 
interfacial tension reduction with an equivalent increase in 
flowrate or pressure drop. A 100 fold decrease in 
interfacial tension would have the same effect upon 
displacing a trapped phase as a 100 fold increase in 
flowrate. Often the reduction of the interfacial tension is 
given in these relative terms.
Only two anionic surfactants were studied for use with 
#2 diesel. The first was Neodol 25-3S, which is a C12-C15 
linear ethoxylated alcohol in which the ethoxylate group has 
been sulfonated, converting the non-ionic ethoxylate to an 
anionic sulfonate. The second is a C8 linear primary 
sulfonate called Bioterge PAS 8S. The interfacial tension
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versus surfactant concentration for the two were depicted in
Figure 6.1.
The selection of Bioterge PAS 8S for the sandpack 
experiments using #2 diesel was based upon several 
qualities. The interfacial tension reduction by Bioterge 
PAS 8S at 1.0% concentration against #2 diesel was 781 fold, 
by far the greatest seen for any of the surfactants. This 
interfacial tension reduction is equivalent to increasing 
the water flowrate by 781 times with respect to additional 
#2 diesel recovery according to the capillary number 
concept. The interfacial tension measured was 0.031 
dyne/cm. Bioterge PAS 8S is biodegradable (linear primary 
anionic surfactants as a rule are more biodegradable than 
non-ionic counterparts); it produced a stable persistent 
foam (anionic surfactants as a rule also produce more 
stable, persistent foams than do non-ionic); as an anionic 
surfactant, its adsorption onto rock should be less than a 
non-ionic. The only selection criteria for which the 
anionic surfactant would not be expected to perform better 
than a non-ionic is in its solubilizing power.
Table 6.1 lists the interfacial tension values for the 
vacuum pump oil. The lowest interfacial tension measured 
was with the 1.0% AES 1215-7P-2ES surfactant. Because of 
this, the AES 1215-7P-2ES surfactant was blended with
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Bioterge PAS 8S (which provided the lowest interfacial 
tension with #2 diesel) at the same ratio as the blend of 
oils: 60% vacuum pump oil and 40% #2 diesel. Table 6.2 
lists the interfacial tension values for the aqueous 
surfactant solutions and the 60:40 vacuum pump oil : #2 
diesel blend. The lowest interfacial tension value was 
0.025 dyne/cm for the 1.0% total surfactant concentration 
blend of 60:40 AES 1215-7P-2ES : Bioterge PAS 8S. The 
resulting interfacial tension was quite similar to that of 
1.0% Bioterge PAS 8S against #2 diesel.
7.2 Discussion of Results of Solubilization and
Emulsification Experiments
The solutions listed in Tables 6.3 and 6.4 were those 
used in sandpack experiments. Note that after 2 weeks, the 
1.0% Bioterge PAS solutions had solubilized a small portion 
of the oil as indicated by the increase in lower phase 
volume from the initial 83.4%. Though this surfactant 
reduced the interfacial tension between #2 diesel and water 
more than any of the other solutions in the table, the other 
surfactant solutions solubilized much more oil as indicated 
by the formation of the middle phase emulsion and the 
significant decrease in initial oil phase volume. The 
sodium lauryl sulfate, SLS or sodium dodecyl sulfate,
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solution was included because a significant amount of 
research has been reported using SLS in sandpack studies.
The results of the 500 mg/L Flocon 4800 polymer without 
surfactant shows an increase in lower phase volume. The 
polymer solution contained no surfactant. No significant 
solubilization is expected without surfactant, so the 
increase in the lower phase volume indicates the resolution 
of the test: 2.5%. This is the accumulated error of the
liquid volume dispensing equipment when the surfactant 
solution and oil were first added to the graduated cylinders 
and the accuracy of graduations on the graduated 10 mL 
cylinder.
The results for the 60:40 blend oil shows that the AES 
1215-7P—2ES solution which best reduced the interfacial 
tension also formed the largest and most stable middle phase 
emulsion. The Chaser SD-1000 solution also formed a stable 
middle phase emulsion, but the interfacial tension results 
indicated that this surfactant did not significantly lower 
the interfacial tension for the oil blend.
7.3 Discussion of the Results of the Foam Stability Tests
The foam stability results shown in Table 6.5 indicate 
that polymer by itself does not provide a stable foam, but 
does tend to enhance the stability of surfactant foams. The
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foam height is about 50% greater for the 1.0% Bioterge PAS 
8S solution with 500 mg/L Flocon 4800 polymer than for the 
solution without polymer after 31 minutes. The foam height 
for the AES 1215-7P-2ES plus 500 mg/L solution was similar 
to that of the Bioterge PAS 8S plus polymer solutions.
These were the two solutions used in most of the foam flush 
experiments. Their foam stability is also comparable to the 
sodium lauryl sulfate solution which is widely recognized as 
a good foaming surfactant. The greatest foam height at both 
1 minute and 31 minutes was seen with the Chaser SD-1000 
surfactant, which is sold by Chevron Chemical as a foaming 
agent for enhanced oil recovery projects injecting foamed 
steam.
7.4 Discussion of Surfactant Polymer Solution In-Situ
Rheology Results: Experiment 1
The primary purpose of the experiment was for the 
collection of the resistance factor data presented in Figure 
6.2 and compiled in Table C.l. From this figure, the data 
in Table C.l and Table 6.7, one notes that the resistance 
factor increases with concentration of the Flocon 4800 
polymer solution. The resistance factor decreases as the 
flowrate (or shear) that the polymer is subjected to
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increases. This is the power law effect of shear on 
viscosity discussed in Chapter 3.
The endpoint resistance factor values of the polymer 
steps are plotted in Figure 7.1. The upper portion of the 
figure shows the same type of rheologic response observed 
for the viscosity versus shear rate in Figure 3.4. The 
values at the points of intersection of the solid lines and 
dashed lines (of constant advance rate) were used to create 
the lower plot shown in the figure. The lower plot can be 
used to determine what polymer concentration is required to 
provide a unit mobility ratio, (which is equal to the 
resistance factor for the oil) at any advance rate. On page 
1 of Table C.l the resistance factor listed for the diesel 
is RF2 = 1.46. This is not a particularly unfavorable 
mobility ratio and water would be expected to be a fairly 
good displacing agent for the diesel. A higher viscosity 
oil would result in a larger mobility ratio value.
Some observations about Figure 7.1 are in order. One 
would expect the resistance factor of a 0% concentration 
polymer solution to be 1.0 and that all the lines shown 
would converge at RF2 = 1.0. The reason that they do not is 
because of polymer adsorption and entrapment. Instead they 
intersect at some value of residual resistance factor. Note 
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resistance factor is reduced as the mechanical energy is 
provided to desorb and dislodge trapped polymer.
As polymer will inevitably be lost to adsorption and 
entrapment, one must adjust the concentration of polymer 
required for a unit mobility ratio to account for polymer 
loss. This can be done in one of two ways. The resistance 
factor of the oil can be added to the residual resistance 
factor at any advance rate and a horizontal line drawn to 
intersect the average frontal advance rate of interest. A 
vertical line from this intersection provides the polymer 
concentration. A second method is to measure the amount of 
polymer retained by the porous media and add this amount to 
the mass of polymer to be included in the volume of liquid 
injected. Because all of the flowrates shown of Figure 7.1 
have residual resistance factor values greater than the 
resistance factor for oil of 1.46, this latter method 
suggests that no polymer is needed except to satisfy the 
requirements of adsorption and entrapment. The residual 
resistance factor is equivalent to a permeability reduction 
factor. Thus a residual resistance factor in itself will 
improve the mobility ratio for water displacing an oil by 
decreasing the effective permeability to water.
Inspection of Table 6.8 shows that the loss (or 
consumption) of Flocon 4800 which is non-ionic, is about 14%
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of the loss of the anionic surfactant Bioterge PAS 8S in 
terms of mg/100 g of sand. On a percentage of what was 
injected, the Flocon 4800 was consumed to a greater extent, 
but this is partly because the concentration was much lower 
than that of the surfactant. Much of the loss of polymer 
could be due to the entrapment observed which resulted in 
higher residual resistance factors in the front end of the 
sandpack than in the back. The value of the loss of Flocon 
4800 was 22.2 mg/100 grams of sand. The polymer 
requirements to satisfy this loss would equal 1,212 mg/L for 
a 1 pore volume flush in which no polymer production is 
expected (for this sandpack having 975.8 g of sand and a 
pore volume of 178.7 mL). Again, no additional polymer is 
required because of the reduction of the effective 
permeability to water.
This contrasts with the polymer requirement obtained 
from the rheological work of Figure 7.1. For an advance 
rate of 10 ft/day, summing the residual resistance factor 
and the mobility ratio (2.1 plus 1.5) corresponds to a 
polymer requirement of 250 mg/L to provide a unit mobility 
ratio. However, this method assumes that enough polymer has 
been injected to provide the residual resistance factor.
In most of the subsequent sandpack experiments, the 
amount of polymer solution injected was greater than three
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pore volumes. Recall that the 1,212 mg/L concentration was 
based upon 1 pore volume of fluid injection. The polymer 
concentration used in sandpack Experiments 1 through 6 was 
300 mg/L. This was deemed sufficient based upon multiple 
pore volume injections and mobility requirements as outlined 
above.
Page 1 of Table 6.7 shows the absolute permeabilities 
to air and water. The average overall air permeability is 
15.4 /urn2 and for water the value is 10.2 /m2- The maximum 
#2 diesel oil saturation obtained was 0.729 pore volume, PV. 
Page 2 lists the endpoint performance of the waterflushes 
through the 800 mg/L polymer plus surfactant. Note that the 
oil saturation was reduced to 0.107 PV during waterflush, 
representing a recovery of 85.3% of the original oil in the 
sandpack. After injection of the surfactant plus polymer at 
three rates and three concentrations, the residual 
saturation was 0.079 PV and 89.2% of the oil had been 
recovered.
From page 2 and 3 of Table 6.7 we see that the 
effective permeability to water is continually decreasing 
after each polymer step. Based upon relative permeability 
phenomena, the effective permeability to water should 
increase as the oil saturation decreases. The decrease in 
permeability is due to polymer entrapment or adsorption.
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Xanthan gum polymers are not noted for high degrees of 
adsorption.
7.5 Discussion of results of Soil Wash Experiment 2:
Effect of Flowrate on #2 Diesel Recovery
In soil wash Experiment 1, the waterflush recovered 
85.3% of the oil in the sandpack. However, very high water 
flowrates were used. To investigate the oil recovery 
resulting from capillary number changes caused by increased 
flowrate, Experiment 2 was performed with increasing water 
flush flowrates. Table 6.13 is an endpoint summary of the 
results of experiment 2. This table contains data about the 
diesel recovery performance of the waterflush at various 
rates as well as the resistance factors and effective 
permeabilities at the end of each step when presumably 
steady state conditions exist. The endpoint summary also 
summarizes the sequence of the experiment. In Experiments 1 
and 2, all of the fluids were injected with the sandholder 
laying horizontally.
From Figure 6.3 and the endpoint summary of Table 6.13, 
one notes that little additional oil is recovered by 
increasing the flowrate. The oil recovery efficiency is 
quite high with 40% PV #2 diesel recovered after injecting 
only 50% PV of water injection. In fact, 86% of all of the
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oil recovered was collected by 50% PV of water injection. 
The most substantial amount of additional oil recovered due 
to waterflush rate increase is for the first rate change 
from 7.78 ft/day to 31.28 ft/day. One can see the oil cuts 
(diesel volume divided by total liquid volume in percent) 
increasing after the rate increase and gradually leveling 
off. For a capillary number increase of 28 fold by 
increasing the water injection rate from 7.78 ft/day to 
217.90 ft/day, the oil recovery was increased from 60.5% of 
the initial oil to 67.6%. One can see that substantial 
capillary number increases are necessary for significant 
increases of oil production. Because fluid frontal advance 
rates as high as were used in this experiment cannot 
reasonably be duplicated in an actual site remediation, the 
only way to increase the capillary number significantly is 
to decrease the interfacial tension between the oil and 
water as outlined in Chapter 3.
The waterflush in sandpack Experiment 1 recovered 
significantly more oil than did this and the subsequent 
experiments. The initial oil saturations in all of the 
experiments using #2 diesel are quite similar so the high 
oil recovery efficiency in test 1 was not because there was 
additional oil to recover. One possible explanation for 
this involves the sequence of rates used during waterflush.
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After diesel saturating the sandpack in experiment 1, water 
was flushed through the sandpack at the maximum rate 
capacity of the pump and at the same rate that diesel was 
being injected in the preceding step. The water rates were 
decreased after this. In experiment 2, the waterflush rates 
increased and in subsequent experiments, only one relatively 
low waterflush rate was used. In experiment 1 there may 
have been some sort of momentum factor since the waterflush 
following the diesel saturation was at the same high 
flowrate.
The resistance factors for the sandpack flush 
Experiment 2 were calculated using water at 62.28 ft/day as 
the baseline. The incremental data is compiled in the 
appendix as Table C.2. The overall mobility ratio for water 
displacing oil was 4.01. This mobility ratio is what is 
reported in the resistance factor Table C.2. However, the 
calculated effective permeability to oil at the low flowrate 
was significantly lower than that measured at higher 
flowrates. Using the average overall effective permeability 
to #2 diesel excluding the low flowrate, the mobility ratio 
is calculated to be 1.99. This is similar to that of 
sandpack flush Experiment 1 with a value of 1.57.
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7.6 Discussion of Results of In-Situ Foam Experiments
Experiments 3 through 10 were linear sandpack foam flow 
experiments. Experiments 3 and 4 studied the recovery of #2 
diesel with foam and experiments 8, 9 and 10 used a more 
viscous oil blend.
7.6.1 Sandpack Experiment 3
Table 6.9 is a summary of the properties of the 
sandpacks. Table 6.10 is a summary of injected fluids and 
Table 6.11 describes the volumes injected. The endpoint 
summary Table 6.13 gives a sequence of the experiment. The 
sandholder was in a horizontal position throughout the 
experiment including the air injection steps.
The resistance factor data is summarized in Table 6.13. 
The incremental data is included in Appendix C.3 and in 
Figure 6.11. When looking at the resistance factor figures 
or oil recovery figures, I strongly recommend also turning 
to the appropriate appendix table because any notes about 
the experiment that were not essential to interpretation of 
the data and would clutter the figure are included in the 
Appendix tables. From the figure one notes that the 
resistance factor ratios are fairly uniform throughout the 
length of the sandpack and change little from the initial 
resistance factor ratio of 1.0 up until about 8 pore volumes
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of total fluid throughput. This is for water, air and water 
plus air at low flowrates. When the flowrate of air plus 
water increases, the resistance factor ratio decreases below 
a value of 1 and decreases with increasing flowrate. At 
about 19 pore volumes of throughput when surfactant is added 
to the solution to generate foam and the flowrate decreased, 
the resistance factor increased back to the baseline. It 
remains fairly stable and uniform even when surfactant is 
eliminated and only air injected. As surfactant is added 
back to the air stream to generate foam at around 25 pore 
volumes throughput, the resistance factor changes little.
The resistance factor behaves as if there is no surfactant 
in the water phase when the injection rate is increased. 
However, an interesting phenomena occurred at about 33 pore 
volumes of throughput. The resistance factor for the front 
2 inches of sand increased in a nearly linear fashion with 
throughput, even though the resistance factor in the rear 8 
inches of the sandpack was unchanged. This occurred after 3 
pore volumes of throughput at 156.4 ft/day without any 
change in injection rate. At about 40 pore volumes of 
throughput, 300 mg/1 of polymer is added to the aqueous 
phase and the trend for increasing the front end resistance 
factor is accelerated. By about 44 pore volumes the slope 
of the curve decreases to that without polymer. At 47 pore
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volumes, the surfactant and polymer are removed from the 
aqueous phase and the front end resistance factor 
immediately drops.
The most significant observations raised by the 
resistance factor results shown in Figure 6.11 are:
1. The foam did not cause a significant increase in 
resistance factor.
2. Only the front end resistance factor increased 
during foam injection at 156.38 ft/day.
3. There was a lag in the front end resistance factor 
increase. It was expected that the resistance 
factor should have increased when the rate 
increased above some critical velocity (as per 
discussion in Chapter 4)
The reasons for these results may involve the 
saturation of the #2 diesel. The oil, water and gas 
saturation history is summarized in Table 6.14. The 
incremental data is shown in Figure 6.4. The data for the 
figure was obtained from Table B.2 in Appendix B. The 
labels on Figure 6.4 are difficult to read because there are 
so many data points causing them to overlap. The line that 
extends to the upper right of the plot is the oil recovery 
in percent of original oil (%Soi). The line below that is 
the water saturation, and below that is the oil saturation 
(% pore volume). The unlabelled line is the oil cut (volume 
of #2 diesel over total volume in percent).
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Inspection of Figure 6.4 reveals that the diesel 
displacement by water and oil recovery was completely piston 
like up through 0.45 pore volume of produced fluid, 
producing 100 percent oil. Immediately after water 
breakthrough, the oil production leveled off.
Diesel cut increased upon water injection after 
allowing the sandpack to sit in a horizontal position for 72 
hours. Gravity separation had increased the diesel 
saturation along the top of the sandpack, which was 
mobilized during re-injection of water.
Injecting air with the water decreased the saturation 
of water without recovering additional diesel. No 
significant amount of diesel was produced until the 
surfactant was added to the aqueous phase during foam 
injection. During foam injection, small amounts of diesel 
were produced until the resistance factor in the front end 
of the core began to increase. After this occurred, the oil 
production rate increased. When polymer was added to the 
foam, the oil production rate did not increase substantially 
until the slope of the front end resistance factor curve 
decreased to about where it had been without polymer. After 
an increase in the oil cut that lasted about 2 pore volumes, 
very little additional oil was recovered.
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Here we have a situation of which came first. Did 
whatever that caused the increase in resistance factor for 
the front end of the sandpack cause the increase in oil 
production, or did the oil saturation drop to some critical 
value that allowed for an improvement of the stability of 
the foam which caused the increase of resistance factor? 
Thus we cannot address the three observations made above 
based upon oil recovery data. We do see a substantial 
increase of diesel recovery that must be attributed to the 
surfactant, but we cannot determine if the surfactant is as 
a stable foam based upon the resistance factor data. It 
does appear as if a stable foam is mobile at least in the 
front end of the sandpack. Recall that the first pressure 
tap is 1 inch from where the fluids enter the sandpack and 
so the pressure increase is not due to foam entering the 
sand, but to foam flowing in the sand. The foam seems to 
have degenerated into a type that does not provide much 
resistance within the first couple of inches of the 
sandpack.
7.6.2 Sandpack experiment 4.
Sandpack Experiment 4 was performed to address some of 
the questions raised from earlier experiments. The diesel 
recovery steps of the experiment were performed at a
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constant rate so that any additional recovery must be 
attributed to capillary number increases from interfacial 
tension reduction and to improved displacement efficiency. 
The fluids injected were the same as those in the previous 
experiment.
This experiment differed from Experiment 3 in that the 
Bioterge PAS 8S surfactant foam was injected with the Flocon 
4800 xanthan gum polymer throughout. The injection sequence 
took advantage of gravity separation and injected from the 
bottom up during waterflood after diesel saturation and from 
the top down during air and foam flooding.
Table 6.15 is an endpoint summary of the experiment.
The table reveals some differences with previous 
experiments. The vertical displacement helped to increase 
the gas saturation during air injection and decrease the 
diesel saturation during waterflush. The oil cut during 
surfactant plus polymer foam injection was quite 
substantial. The ultimate recovery was 93.5% of the diesel 
in the sandpack, an increase from 78.6% during water and air 
flush. In spite of the very low amounts of residual diesel 
in the sandpack, no significant resistance factor was 
obtained.
The incremental resistance factor data is compiled in 
Table C.4 in Appendix C and presented in Figure 6.12. Notes
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that would clutter the figure can be found in the table. 
Although more than 5 pore volumes of surfactant plus polymer 
foam were injected, no significant resistance factor was 
generated.
However, the #2 diesel recovery was quite impressive. 
The recovery data and fluid saturations are presented in 
Figure 6.5 and compiled in Table B.3 in the Appendix. There 
are some very significant findings which can be gleaned from 
Figure 6.5. One is that the ultimate oil recovery is quite 
similar to that of Experiment 3 (93.5% compared with 90.3% 
in Experiment 3). However, in Experiment 4 the oil recovery 
rate increased substantially with oil cuts of up to 28.6% 
and maintaining oil cuts of greater than 10% for more than
1.5 pore volume. The difference is that in Experiment 3 no 
mobility control agent was added to the foam aqueous phase. 
With the shift in relative permeability to lower oil 
saturations and the reduction of interfacial tension, the 
effective permeability to water would tend to increase as 
discussed in Chapter 3. This increase causes an increase in 
mobility ratio making for a less efficient displacement for 
an aqueous phase displacing the oil. But is there not a 
foam displacing the oil? The resistance factor data 
suggests that no significant foam exists. By a significant 
foam, I mean one that is generated by snap-off rather than
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lamella division, resulting in a foam that moves through a 
porous media providing substantial resistance. If this were 
occurring, one would expect the production of diesel at 
about 0.85 pore volumes of injection. This is the volume of 
water and air that the sandpack contained when the 
surfactant polymer foam was injected. However, the oil 
production did not increase until 1.75 pore volume of foam 
injection. Because the foam is about 20% liquid, the 1.75 
pore volumes represents 0.38 pore volumes of liquid 
injection. Assuming the air saturation excludes water, the 
liquid front would have progressed in an effective pore 
volume of 136 mL to about 49% of the length of the sandpack 
if the front moved in a piston like fashion. If all of the 
oil in the 49% length were banked up in front of the 
surfactant liquid this would represent 12.8 mL. So by 
excluding pore space occupied by gas, this moves the oil 
bank to roughly 58% of the length of the sandpack. Because 
the displacement would not be piston like, we might use the 
peak oil cut as the point when the surfactant liquid has 
mobilized the oil in front of it. This adds another 16% of 
the non-excluded pore volume for a total length of the 
surfactant front at 73% of the length. The unrecovered oil 
represents another 10% of the length bringing the oil front 
to within 17% of the length to the outlet. Recall that our
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peak oil cut is 28.6%, not 100% which is what is implied by 
the above analysis. Therefore, the liquid is advancing in 
front of the oil bank slightly, and the increased oil 
recovery must be attributed to the liquid flow rather than 
the flow of foam. This is one of the tenets of this thesis. 
Mobility control must be provided by the liquid portion of a 
foam for efficient displacement of a liquid in the event 
that the foam is unstable due to the presence of oil or 
insufficient velocity to provide foam generation by snap- 
off. If snap-off had occurred, the displacement of oil may 
have been by the foam rather than just the liquid phase.
7.6.3 Sandpack Experiments 5 and 6
The purpose of Experiments 5 and 6 was to determine if 
the lack of significant resistance to foam flow in the 
preceding experiment was due to the destabilizing effect of 
oil. The sandpacks were not saturated with oil.
Table 6.16 is an end point summary of the results of 
the Experiment 5 and Table 6.17 for Experiment 6. During 
Experiment 5, some equipment failures were experienced and 
so there is some missing pressure related data. The 
information about the problems and corrective action are 
included in the fluid saturation data table (Table B.4) and 
the pressure and resistance factor data table (Table C.5).
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The sequence of steps was not identical for the two 
experiments.
The resistance factors are calculated based upon air 
displacing water rather than with water as the displacing 
phase as has previously been the case. The base line 
pressure and rates are for the vertical injection of air at 
30.9 ft/day for Experiment 5 and for the lowest air 
injection rate of 217.1 ft/day in Experiment 6. The 
incremental resistance factor data is plotted in Figure 6.13 
for Experiment 5 and in Figure 6.14 for Experiment 6. From 
the Figures, we see a significant increase in the resistance 
factor within the front 2 inches of the sandpack during foam 
injection. This is similar to what was observed in 
Experiment 3 except that the resistance factors are an order 
of magnitude greater. In Experiment 5, the front end 
resistance factor showed no sign of leveling before foam 
injection was terminated, although it took 7 pore volumes of 
foam injection or 1.75 pore volumes of liquid injection 
before the resistance factor began to increase. This is 
approximately the same injected volume that was required in 
Experiment 3 although in Experiment 3 the injection rate was 
much higher. The values of resistance factor for the first 
two inches in Experiment 5 had reached 171.7, but where only 
2.8 for the remainder of the sandpack. After 10 pore
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volumes of foam injection in Experiment 6, the front end 
resistance factor was 184.1, nearly the same as in 
Experiment 5 for the same foam injection rate, 30.5 ft/day. 
Figure 6.14 indicates that the resistance factors were 
possibly beginning to level off. The rear resistance factor 
remained low at about 1.54. At this time, the foam 
injection rate was doubled in Experiment 6, and the 
resistance factor increased from 184 to as high as 472 
before leveling off at about 450. During this time, the 
rear resistance factor rose to about 30, the only instance 
in 9 sandpack Experiments in which the resistance factor for 
the rear of the sandpack became substantial, and this after 
14 pore volumes of foam injection or about 2.6 pore volumes 
of surfactant-polymer liquid.
Figure 6.6 represents the aqueous phase saturation 
change as the various fluids were injected for Experiment 5 
and Figure 6.7 for Experiment 6. Experiment 6 had a much 
higher air flush rate which resulted in residual water 
saturations of about 52% compared with 61% for Experiment 5. 
However, during foam injection the water saturations were 
quite similar, 74% in Experiment 5 and 78% in Experiment 6. 
Note the significant reductions of water saturation during 
air injection after gravity separation occurred overnight 
for Experiment 5, but at the high airflush rates used in
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Experiment 6, the water saturation changed little after 
shutting in overnight. This was also observed for oil 
recovery in sandpack Experiment 3 (Figure 6.5).
7.7 Summary of Experiments 1 through 5
Experiments 1 through 4 were performed using #2 diesel 
as the hydrocarbon phase. Experiments 3 and 4 were foam 
injection experiments. Experiment 1 used the same 
surfactant system as the foam experiments except injected as 
a liquid. Experiment 2 was a waterflush only experiment.
The sandpacks of these experiments were very consistent with 
respect to absolute permeability and porosity. Thus, one 
would expect the performance of these experiments to be 
similar. In fact, the experiments were fairly similar with 
respect to oil recovery as can be seen in Table 6.12. Only 
Experiment 1 stands out as having an especially efficient 
waterflush with a residual saturation of 0.107 PV compared 
with 0.206 as the average of the other three. Interestingly 
enough the total oil recovered of 0.658 PV was essentially 
identical in the three cases with chemical injection, and 
the final residual oil saturation for the three averaged
0.065 representing a recovery of 91% of the initial diesel 
saturation. This compares with a waterflush average 
recovery of 75.2% of the initial oil for all 4 experiments.
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The 15.8% improvement or "incremental" production must be 
attributed to the chemical injection.
The average mobility ratio for experiments 1 through 4 
was 1.22 which indicates that water will displace oil fairly 
efficiently. The average mobility ratio for air displacing 
water was 6.0 which suggests that air does not efficiently 
displace water. The mobility ratio for air displacing oil 
should be even greater because of the greater oil viscosity.
The resistance factor data suggests that during foam 
injection, the foam does not remain stable beyond 3 inches 
of the length of the sandpack. This occurred with and 
without oil being present, so the destabilization of the 
foam was not the result of contact with oil. The lack of 
stability may have been the result of too low of an advance 
rate to form foam by snap-off, but if this is the case, then 
the utility of foam flooding is not good because it is
unlikely that flowrates even as high as the 39 ft/day used
in the experiments could be sustained except near the 
injection point (assuming vertical wells and radial flow).
This being the case, then it is entirely reasonable to
utilize the liquid portion of the foam for the displacing 
medium and to take advantage of any other properties the 
liquid may impart.
T-4127 226
In Experiment 3, the rate of diesel recovery increased 
after polymer was included in the foam as did the resistance 
factor. In Experiment 4 oil cuts of as high as 30% were 
seen at a time corresponding with when a bank of oil could 
be mobilized in front of a liquid bank. This indicated that 
either polymer stabilized the foam, or the polymer solution 
provided a more favorable mobility ratio. The resistance 
factor suggests the latter.
7.8 High Viscosity Oil Displacement with Foam: Experiments
8, 9 and 10
The remaining experiments tested the idea of whether a 
foam provides the displacement or the liquid phase provides 
the displacement. These three experiments used a more 
viscous oil that had a greater (less favorable) mobility 
ratio for water (or air) displacing oil. They also 
investigated oil recovery enhancement by two mechanisms.
Experiments 8, 9 and 10 were performed using a high 
viscosity oil as the hydrocarbon phase and following 
essentially the same procedures. This allowed for 
comparison of the results of the experiments as the 
components of the foam were altered. For experiments 8, 9 
and 10, respectively the variations were:
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Foam made with a liquid that reduced the 
interfacial tension but did not provide mobility 
control
Foam made with a liquid that reduced the 
interfacial tension and provided mobility control
Foam made with a liquid that did not reduce the 
interfacial tension, but did provide mobility 
control.
The average mobility ratio for the three experiments 
for water displacing the viscous oil was 3.34. The average 
mobility ratio for the experiments using diesel was 1.22. 
The viscosity of the oil blend was 10 times that of the 
diesel. The reason the mobility ratio was not 10 times 
greater is because the initial oil saturation was greater 
for the more viscous oil, resulting in higher effective 
permeabilities to oil at residual water saturation (9.7 jm3 
versus 7.1) and the effective permeability to water was 
lower because of a higher residual oil saturation (1.44 jum3 
versus 4.05). For Experiments 9 and 10, the liquid phase 
was designed using Figure 7.1 and the method explained in 
section 7.4, to provide mobility control at the liquid 
advance rate of about 7.8 ft/day. Whereas 300 mg/L Flocon 
4800 polymer was sufficient for displacing diesel, 500 mg/L 
was required for the more viscous oil.
The oil recovery performance was presented in Figures
6.8 through 6.10 and summarized in Table 6.12. The figures
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show conclusively that mobility control provided by the 
liquid is a necessary design component when limited volumes 
of liquid are to be injected. From the figures, one notes 
that the oil recovery of Experiment 8 without mobility 
control may have approached that of the Experiments 9 and 10 
if more than 2 pore volumes of liquid had been injected.
The oil cuts maintain values of greater than 2% even after 2 
pore volumes of waterflush, indicating a poor mobility 
ratio. The incremental oil recovery resulting from foam 
injection for experiment 8 was 9.3% Soi while that of 
Experiments 9 and 10 in which polymer was added to the foam 
was 16.0% and 19.1% respectively. Because the initial oil 
saturations and the waterflood residual oil saturations were 
nearly the same in all three cases, the total oil recovery 
was greater in the cases in which polymer was added to the 
foam. The total oil recovery for Experiments 8, 9 and 10 
were, 61.2%, 70.7% and 74.6% Soi respectively.
The most interesting and surprising finding was that 
the oil recovery from Experiment 10 was greater than that of 
Experiment 9. Ideally, Experiment 10 would have been 
performed using a foam made without a surfactant. Because 
this is not possible, the Chaser SD-1000 was selected. The 
interfacial tension reduction by the SD-1000 surfactant was 
not sufficient to expect oil recovery by an increase of
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capillary number. Thus, some other mechanism must be 
responsible. The results of the earlier experiments suggest 
that it may be the combination of two other mechanisms: 
enhanced foam stability; oil solubilization.
The foam stability test summarized in Table 6.5 
indicate that the Chaser SD-1000 surfactant plus 500 mg/L 
Flocon 4800 polymer provided the most stable foam of those 
tested. Also, during Experiment 10, the produced foam was 
observed to be the most dense and stable foam during the 
displacement experiments. Thus, if the foam itself was 
providing a more efficient displacement, the results should 
be apparent from the resistance factor data. However, the 
resistance factor data for these experiments (Tables C.7,
C.8, C.9 and Figures 6.15 through 6.16) was based upon air 
displacing oil and water, and as a consequence, on 
relatively low pressures. An error of 0.1 psi on the 
pressure measurements resulted in significant (30-150%) 
shifts in the resistance factor, which can be ascertained by 
looking at the resistance factor tables in the appendix and 
noting for which fluid and at what pressure the resistance 
factors are equal to 1.0. In any case, the resistance 
factors can be based upon water displacing oil which 
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From Table 7.1 we see that the resistance factor based 
upon water displacing oil during foam injection for 
Experiment 8 was about twice as great for the front of the 
sandpack as for the remainder indicating that foam was 
providing resistance up front but degrading as it progressed 
through the sandpack. The same is true for Experiment 10. 
The significant difference is that the resistance factors 
throughout the length of the sandpack in Experiments 9 and 
10 are about 5 to 7 times greater than those in Experiment 8 
in which no polymer was used. This again shows that the 
polymer either stabilized the foam or the liquid itself is 
providing resistance to flow. The subsequent flushes of air 
plus water and air alone also had higher resistance factors 
relative to the initial air injection in the two experiments 
in which polymer was added to the foam.
The resistance factors for the liquid phase of the foam 
displacing oil are considerably lower than the resistance 
factor of about 3.3 that is required for a unit mobility 
ratio. This is partly because of the difference between the 
saturated conditions for which the baseline is established 
in Table 7.1, and the unsaturated conditions that exist 
during foam injection. Even so, the 5 to 7 fold increase in 
resistance factor for Experiments 9 and 10 compared with 
experiment 8 resulted in a significant improvement in the
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oil recovery rate. This is most dramatically witnessed when 
comparing the cumulative oil recovery and oil cut curves of 
Figures 7.8 through 7.10.
The solubilization experiments summarized in Tables 6.3 
and 6.4 suggest that as the polymer concentration is 
increased the rate of phase separation decreases. 
Interestingly, the 500 mg/L Flocon solution formed a 
significant middle phase with the Bioterge solution, whereas 
at 300 mg/L, no middle phase formed. Ultimately, the 
Bioterge solution did solubilize more of the 60:40 oil than 
did the Chaser solution. Thus, from the limited 
solubilization work performed, the increased recovery in 
Experiment 10 compared with 9 cannot be attributed to 
increased solubilization by the Chaser solution compared 
with the Bioterge solution.
Perhaps the greater oil recovery observed in Experiment 
10 compared with 9 is due to volume error in reading the oil 
and water volumes in the graduated test tubes used to 
collect the produced liquids. The collected samples in 
which surfactant had been used during the displacement 
experiment all had some middle phase emulsion. In order to 
attempt to break the emulsion, all of the samples were 
centrifuged for several hours before the oil and water 
volumes were read. This eliminated most of the emulsion
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except in those samples from Experiments 9 and 10 which had 
particularly large and stable middle phase emulsions as 
might be expected from Table 6.4. In these cases, only the 
free oil volume was read and the emulsion volume was 
included as an aqueous phase. Though the emulsion phase 
volume was not read, the results of Table 6.4 suggest that 
this volume should be greater in Experiment 9 than that of 
Experiment 10. If this were the case, then a substantial 
volume of oil may not have been accounted for in Experiment
9. Though the oil recovery of the two experiments was 
similar, this accounting may explain why Experiment 9 
appeared to recover less oil than Experiment 10.
Figures 6.18 through 6.20 show the concentration of 
injected chemicals in the produced fluids. Figure 6.18 
shows that the peak oil cuts during foam injection remained 
below 7% and were strung out over several pore volumes 
during the peak surfactant concentration. This indicates an 
inefficient displacement. This can be contrasted with 
Experiments 9 which had a peak oil cut of 24.8% and 10 which 
had a peak of 19.3% as seen in Figures 6.19 and 6.20. The 
peaks occurred shortly after surfactant and polymer 
production was observed with the peak chemical 
concentrations occurring after most of the oil had been 





This research was performed to investigate whether 
foams could be designed to extract light non-aqueous phase 
liquids (LNAPLS) from saturated or unsaturated soils. Foams 
have been used in oil reservoirs to improve the 
effectiveness of gas in displacing crude oil. These foams 
have been designed to be stable in high temperature, high 
salinity environments. This research is concerned with 
removing relatively low saturations of contaminant oils 
trapped in the vadose zone by capillary forces and 
adsorption. In this environment, foams must be designed so 
that the liquid phase of the foam in contact with the oil 
reduces the trapping forces and also prevents viscous 
fingering.
The experimental work in this thesis was performed to 
evaluate the effectiveness of foams to remove oils from 
uniform fine Ottawa Sand. The sand was packed into 
cylindrical columns 1.75 inch in diameter by 15.6 inch long, 
that had an average porosity of 32% and permeability of 
approximately 13/m2. The sand columns were saturated with 
water and artificially contaminated by flushing with oil.
As much of the contaminant oil as possible was removed by
T-4127 235
flushing the sand with water and then air. Foam was then 
injected and the amount of the residual contaminant oil 
removed from the soil was measured.
Two types of light non-aqueous phase (LNAPL) oils were 
used in the evaluations: #2 diesel and a blend of 60% vacuum 
pump oil and 40% #2 diesel with a viscosity 10 times greater 
than that of #2 diesel alone. These oils represented a 
range of contaminants that may occur in the vadose zone 
around refineries, extrusions plants, or other industrial 
sites.
The design and selection of surfactants used for foams 
relied primarily on the results of interfacial tension 
measurements and secondarily on phase behavior and foam 
stability studies. The surfactant systems selected reduced 
the interfacial tension between the contaminant oils and 
surfactant solutions by a factor of over 700. This is 
equivalent to increasing the pressure gradient by a factor 
of over 700 using the capillary number concept. The 
surfactants were combined with a polymer to increase the 
viscosity of the liquid phase of the foam. This increase of 
viscosity helped to prevent fingering of the liquid phase 
through the contaminant in the event that the foam was 
destabilized.
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The importance of the various mechanisms to enhance the 
removal of the contaminant from the sand was studied. These 
mechanisms include reducing the interfacial tension, 
improving liquid phase displacement efficiency and 
increasing the oil solubility. All these mechanisms 
resulted in removing additional contaminant that was not 
recovered by waterflushing or air flushing. A synergistic 
effect was observed when all of the mechanisms were used 
together.
In a sand column contaminated with diesel, 32.9% of the 
waterflush residual diesel was removed using foam. The 
liquid phase was designed to decrease the interfacial 
tension between the trapped contaminant and water. However 
the diesel recovery increased to 67.1% of the residual
diesel when polymer was added to liquid phase of the foam to
improve the liquid phase displacement efficiency.
The rate of diesel recovery increased if the liquid 
phase of the foam included polymer. The percentage of 
diesel in the liquid stream discharged from the sand column 
was no greater than 2.5% during foam flushing without 
polymer. In an experiment in which polymer was added to the
liquid phase of the foam for the duration of polymer
injection, the percentage of diesel in the liquid discharge
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stream increased to as high as 28.6% demonstrating a 
significant increase in diesel recovery efficiency.
Similar results were obtained in a sand column 
contaminated with the more viscous oil blend. Using a 
surfactant foam without polymer, 19.3% of the waterflush 
residual contaminant was removed at oil cuts in the liquid 
discharge stream no greater than 6.5%. The recovery 
increased to 35.2% with oil cuts as high as 24.8% when 
polymer was added to the liquid phase of the foam to improve 
the liquid phase displacement efficiency.
When a surfactant foam that did not significantly 
decrease the interfacial tension between the contaminant oil 
and surfactant solution was used in conjunction with a 
polymer, the contaminant recoveries were also quite high. 
This was attributed to an increase of solubility of the oil.
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Appendix A
Interfacial Tension and Surface Tension Measurements
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A series of secondary ethoxylated alcohols with a 15 
carbon chain was chosen to investigate the interfacial 
tension reduction as a function of water solubilities with a 
particular chain structure. The water solubility is 
increased with the number of moles of ethoxylate added to 
the chain. The series has increasing moles of ethoxylate 
from 5 to 12. The manufacturer is Union Carbide using the 
trade name Tergitol and the series is called the Tergitol 
15-S-n where n is the number of moles of ethoxylate.
The results of interfacial tension measurements 
between #2 diesel and aqueous surfactant solutions and 
surface tension reduction versus surfactant concentration 
for this series are presented in the Figures A1 to A3. The 
corresponding tables follow the text in Appendix A. In the 
figures, for example Figure A.l, C1:L-C15 refers to the number 
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#2 Diesel/Aqueous Solution Interfacial 
Tension and Aqueous Solution Surface Tension 
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#2 Diesel/Aqueous Solution Interfacial 
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SURFACTANT CONCENTRATION (w t*)
#2 Diesel/Aqueous Solution Interfacial 
Tension and Aqueous Solution Surface Tension 
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SURFACTANT CONCENTRATION (w t*)
,4 #2 Diesel/Aqueous Solution Interfacial
Tension and Aqueous Solution Surface Tension 
versus Surfactant Concentration for Secondary 
Ethoxylates, Cn - C15, 12 moles EO, HLB =
14.5
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The results of the series of interfacial tension 
measurements for the Tergitol ethoxylated alcohol against #2 
diesel provided a water solubility or hydrophile-lipophile 
balance, HLB, value at which the greatest reduction in 
interfacial tension was observed. These results were used 
to design a second series of measurements focusing around an 
HLB of 12.0. In these tests, the HLB was nearly the same 





































a -  
•  - o -  Alfonlc 1012-60, 5.2 mole EO, HLB 12, linear Primary EO. CM-CM 
x -  Tergitol 15-S-7, 7 mole EO, HLB 12.1, Secondary EO, Cu-Ci*
+ -  Neodol 23-6.5, 6.5 mole EO. HLB 12.0, Linear Primary E0, Cts-Cu 
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SURFACTANT CONCENTRATION (w t»)
Figure A.5 #2 Diesel/Aqueous Solution Interfacial
Tension versus Surfactant Concentration for 






































a -  
a - o - rergiioi io-s-7, 7 moie eu, nm isj.i, secondary eu,
+ -  Neodol 91-6, 6 mole EO, HLB 12.5, Linear Primary EO. Cf-Cu 
x -  Tergitol 25-L-7, 7 mole EO. HLB 12.4, Linear Primary EO, Ĉ C|$ 
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SURFACTANT CONCENTRATION (w t*)
Figure A.6 #2 Diesel/Aqueous Solution Interfacial
Tension versus Surfactant Concentration for 
Ethoxylates with Similar HLB*s but Different 
Hydrophobic Group Structure.
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Various other chemicals can enhance the effectiveness 
of surfactants to reduce the interfacial tension between 
oils and water. The effect of alkali addition ((1)
(2) (3) (4) (5) and alcohol (6) (7)
(8)) on the interfacial tension between oil and water has 
been studied.
The results of the interfacial tension measurements 
between solutions of increasing concentration of the alkalis 
sodium carbonate, Na2C03, and sodium hydroxide, NaOH and #2 
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ALKALI CONCENTRATION (wt»)
Figure A.7 Interfacial Tension versus alkali
concentration.
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The results of the addition of increasing 
concentrations of the alkalis to a solution of 1.5% Tergitol 
15-S-7 is shown in Figure A8.
100 -□
1 .5 * Tergitol 1 5 - S - 7  with 
o — Na8C03 
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ALKALI CONCENTRATION (wt*)
Figure A.8 Interfacial Tension versus Alkali 
concentration for 1.5% Tergitol 15-S-7.
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Primary alcohols with varying water solubility or 
carbon chain length were added to the Tergitol 15-S-7 
solution and their effect on interfacial tension reduction 
was measured. The results are shown in Figure A9.
100 -q 1.5* T erg ito l 1 5 —S —7  







0.0 2.0 6.0 8.04.0 10.0
NUMBER OF CARBONS IN ALCOHOL CHAIN
Figure A.9 Interfacial Tension versus alcohol carbon
chain length for a 1.5% Cii~Ci5 secondary 
ethoxylate with 7 moles E0 and 0.5% alcohol 
blend.
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The effect of heptanol concentration on the interfacial 
tension between #2 diesel and 1.5% Tergitol 15-S-7 is shown 
in Figure A10.
100 -□
1.5* T erg ito l 15 —S —7  








0.0 0.1 0.2 0.3 0.4 0.5 0.6
ALCOHOL CONCENTRATION (wt*)
Figure A.10 Effect of Heptanol Concentration on the
Interfacial Tension Between 1.5% a Tergitol 
15-S-7 solution and #2 diesel.
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In Figures A1 through A4 the surface tension drops 
significantly at a concentration of 0.1% but remains 
relatively unaffected with increasing surfactant 
concentration. This is an indication that the low 
concentration is greater than the critical micelle 
concentration, CMC. In fact, surface tension is one method 
of determining the CMC because at concentrations lower than 
the CMC, the surface tension will decrease with increasing 
surfactant concentration, but remain relatively unchanged 
above the CMC as discussed in Chapter 2. Thus, other 
characteristics associated with concentrations greater than 
critical micelle concentration should be observed. The 
solubilizing capacity should increase in a linear fashion 
with increasing concentration.
The interfacial tension between #2 Diesel and the 
Tergitol 15-S-5 surfactant shown in Figure A1 decreases 
nearly linearly with increasing concentration. The 
surfactant is not considered to be water soluble. The 
solutions in water are quite cloudy. Ethoxylated alcohols 
have an inverse solubility property whereby they are more 
soluble in water at lower temperatures. Chilled water was 
used to make this solution, though the surface and 
interfacial tension measurements were performed at room 
temperature. The inverse solubility property was considered
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an advantage for soil washing because it may allow a method 
to separate the surfactant in the production stream by 
heating.
Tergitol 15-S-5 reduced the interfacial tension from 
24.22 dyne/cm without surfactant to 0.211 at 2% surfactant, 
a 115 fold reduction. This reduction may be enough to see a 
decrease in residual diesel saturation compared with 
waterflushing alone.
Tergitol 15-S-7 reduced the interfacial tension between 
#2 diesel and the surfactant solution as seen in Figure A2 
by a maximum factor of 102. The curve shape is more 
desirable than that of 15-S-5.
Tergitol 15-S-9 shown in Figure A3 reduced the 
interfacial tension by a factor of just 14. This is not 
great enough to expect a significant increased oil 
production over waterflushing.
Tergitol 15-S-12 reduced the interfacial tension by a 
factor of 15. This is not great enough to incremental oil 
production by increasing the capillary number. This can be 
seen in Figure A4.
Generally, those surfactants with the greatest 
interfacial tension reduction also had the greatest surface 
tension reduction, which is not surprising considering the 
causes of the reductions as discussed in Chapter 2.
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The interfacial tension reduction between #2 diesel and 
the surfactant solution is a maximum at a hydrophile- 
lipophile balance, HLB, of about 12 for the Tergitol 15-S-n
series represented in Figures A1 through A4. This can be
seen in Figure All. The concept of hydrophile-lipophile
balance was discussed in Chapter 2.
Focusing on the HLB of 12 for the next series, Figure 
A5 shows 4 ethoxylated alcohols that have approximately the 
same HLB, similar hydrophobic group structure yet different 
hydrophobic group chain length. From the figure, one can 
see that decreasing the hydrophobic chain length results in 
a decrease in interfacial tension. The effect of the 
secondary or branched chain surfactant is similar to 
shortening a primary chain. Either the slight increase in 
HLB from 12.0 to 12.1 resulted in a decrease of interfacial 
tension or the branched chain structure of the hydrophobic 
group did. Assuming it was a structural effect, the 
interfacial tension for a series of ethoxylated alcohols 
with similar HLBs but completely differing hydrophobe 
structure was determined. These can be seen in Figure A6. 
Throughout these figures, the lowest interfacial tension 
values have been for Tergitol 15-S-7, the secondary 
ethoxylated alcohol with a hydrophobic chain of 11 to 15 
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SURFACTANT CONCENTRATION (wt*)
Figure A.11 #2 Diesel/Aqueous Solution Interfacial
Tension versus Surfactant Concentration for 
Secondary Ethoxylates, Cn - C15, with
increasing HLB's due to the addition of more 
ethoxylate.
the next lowest interfacial tensions were measured for a 
ethoxylated phenol, where the hydrophobic group is an 
aromatic ring. Again we see that the shorter the 
hydrophobic group is, the lower the interfacial tension.
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The interfacial tension reduction of 102 fold that was 
seen with Tergitol 15-S-7 was the greatest reduction seen 
for the ethoxylated alcohols tested. However, interfacial 
tension reductions of three or more orders of magnitude are 
possible. As previously noted, several investigators have 
observed the correlation of lowering interfacial tension 
because of the addition of alcohols. To determine if 
interfacial tensions could be further reduced, a series of 
alcohols were added to the Tergitol 15-S-7 solution. The 
surfactant concentration was 1.5% and the alcohol 
concentration was 0.5%. The alcohol water solubility was 
changed by increasing the chain length from 4 carbons to 10 
carbons. The results were shown in Figure A8. From the 
figure, one notes that the minimum interfacial tension is at 
an alcohol chain length of 7, n-heptanol.
The effect of alcohol concentration was then measured. 
Using 1.5% Tergitol 15-S-7 with varying concentrations of 
heptanol, the minimum interfacial tension was found to be at
0.5% heptanol, the maximum concentration added. The results 
were shown in Figure A10.
The interfacial tension was reduced from 0.251 dyne/cm 
without alcohol to 0.085 dyne/cm at 0.5% n-heptanol in the 
1.5% surfactant solution. This results in an interfacial 
tension reduction between #2 diesel and the aqueous
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surfactant of 285 fold, up from 102 fold without alcohol. 
Unfortunately, this high of a concentration of alcohol 
inhibits the persistence of foam. Because one of the 
premises of this research is that an aqueous phase can be 
transported to an oil containing zone as a foam, the 
destabilizing effect of the alcohol eliminated their use for 
additional interfacial tension reduction compared with 
surfactant alone.
A final attempt was made to further reduce the 
interfacial tension between #2 diesel and ethoxylated 
alcohol solutions. This was by addition of alkali to 
surfactant solutions. Alkali addition to surfactant 
solutions has been shown to reduce the waterflush residual 
oil saturations by several mechanisms. Alkali can alter the 
wetting properties of the rock, and can decrease the 
adsorption of surfactant by the rock. These are both fluid- 
rock interfacial phenomena. With respect to fluid-fluid 
interfacial tension one mechanism is that alkali can react 
with certain chemical structures that may be present in the 
oil and form surface active agents that will reduce the 
interfacial tension between the oil and aqueous solution. 
This is occasionally referred to as a saponification of the 
oil, which implies alkali reaction with organic acids. 
However, there are other groups present in some oils which
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may react to form surfactants. In any case, a refined oil 
such as #2 diesel would not be expected to have a 
significant population of the reaction sites. Another 
mechanism in which alkali affects the interfacial tension 
arises with alkali acting as a salt, affecting the 
thermodynamic phase behavior of the blend. This can result 
in shifting of the concentration of surfactant at which a 
minimum interfacial tension is seen. It also acts 
synergistically in that the interfacial tension of an alkali 
plus surfactant solution can be much lower than that of 
either an alkali or surfactant solution, particularly if the 
oil shows some sensitivity to alkali. The results were 
shown in Figure A7. There is about an order of magnitude 
reduction in interfacial tension with alkali. Sodium 
hydroxide reduces the interfacial tension from 24.2 dyne/cm 
to 2.1 dyne/cm and sodium carbonate reduces to 4.0 dyne/cm, 
with both alkalis at 2% concentrations. This justified 
investigation of the interfacial tension reduction of 
alkaline solutions of Tergitol 15-S-7.
The results of the alkali plus surfactant interfacial 
tension measurements were shown in Figure A8. The figure 
indicates a slight reduction of interfacial tension with the 
addition of alkali, but not significant enough to warrant 
further study.
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Of the 17 non-ionic ethoxylated alcohols for which 
interfacial between #2 diesel and aqueous surfactant 
solutions and surface tension measurements were made, the 
most promising surfactant was Tergitol 15-S-7 with an 
interfacial tension reduction of 102. This was not a 
sufficiently high interfacial tension reduction to pursue 
the non-ionic surfactants for oil recovery studies in which 
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Table A.l Interfacial Tension Between Aqueous Alkali and





0.00 24.220 D 24.220 D
0.25 15.013 D 17.696 D
0.50 14.284 D 15.099 D
0.75 13.562 D 14.574 D
1.00 12.547 D 14.255 D
1.50 10.845 D 13.222 D
2.00 9.563 D 10.632 D
3.00 8.293 D 6.974 D


















* Interfacial tension measurements denoted 
with a "D" to the right are Dunouy Ring 
tensiometer determinations. Those with an 
"s" are spinning drop measurements.
Measurements performed at ambient temperature
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Table A.2 Interfacial Tension Between Aqueous Surfactant and
Conoco #2 Diesel and Surface Tension for Tergitol
15-S-5 and 15-S-7 Solutions at 72°F
Tergitol 15-S-5
Surfactant   dyne/cm ------
Concentration Interfacial Surface
(w/w) Tension Tension
0.00 24.220 D 73.5
0.10 8.753 D 29.8
0.25 6.934 D 29.7
0.50 5.431 D 29.9
1.00 2.695 D 30.0
1.50 0.512 s 30.1
2.00 0.211 s 29.5
Tergitol 15-S-7
Surfactant   dyne/cm ------
Concentration Interfacial Surface
(W/W) Tension Tension
0.00 24.220 D 73.5
0.10 4.690 D 30.3
0.25 1.445 s 29.2
0.50 0.609 s 30.1
1.00 0.428 S 30.4
1.50 0.251 s 30.4
2.00 0.238 s 30.0
* Interfacial tension values denoted with 
a 11D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
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Table A.3 Interfacial Tension Between Aqueous Surfactant and
Conoco #2 Diesel and Surface Tension for Tergitol
15-S-9 and 15-S-12 Solutions at 72°F
Tergitol 15-S-9
Surfactant   dyne/cm ------
Concentration Interfacial Surface
(w/w) Tension Tension
0.00 24.220 D 73.5
0.10 2.963 D 34.2
0.25 2.073 D 34.0
0.50 2.162 D 33.9
1.00 1.985 D 34.2
1.50 1.809 D 34.1
2.00 1.721 D 34.0
Tergitol 15-S-12
Surfactant -----  dyne/cm ------
Concentration Interfacial Surface
(w/w) Tension Tension
0.00 24.220 D 73.5
0.10 3.503 D 35.0
0.25 2.784 D 34.4
0.50 2.516 D 34.3
1.00 2.073 D 34.3
1.50 1.809 D 34.1
2.00 1.634 D 34.0
* Interfacial tension values denoted with 
a "D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
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Table A.4 Interfacial Tension Between Aqueous Surfactant and
Conoco #2 Diesel and Surface Tension for Tergitol





-----  dyne/cm ------
Interfacial Surface 
Tension Tension
0.00 24.220 D 73.5
0.10 3.866 D —
0.25 2.963 D —
0.50 2.516 D —
1.00 1.985 D —
1.50 2.306 S —




% (w/w) Tension Tension
0.00 24.220 D 73.5
0.10 5.804 D 31.7
0.25 4.231 D 31.6
0.50 2.963 D 31.5
1.00 2.120 s 31.5
1.50 1.446 s 31.8
2.00 1.165 s 30.9
* Interfacial tension values denoted with 
a "D” to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s” are spinning drop measurements.
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Table A.5 Interfacial Tension Between Aqueous Surfactant and


























* Interfacial tension values denoted with 
a ”D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
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Table A.6 Interfacial Tension Between Aqueous Alkaline-
Surfactant solution and Conoco #2 Diesel and
Surface Tension for Tergitol 15-S-7 at 72°F
1.5% Tergitol 15-S-7
Na2C03 ----- dyne/cm-------
Concentration Interfacial Surface 
% (w/w) Tension Tension
0.00 0.252 s 30.4
0.25 0.283 S 30.2
0.50 0.265 s 30.3
1.00 0.338 s 30.1
1.50 0.231 s 30.2


























* Interfacial tension values denoted with 
a MD” to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s” are spinning drop measurements.
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Table A.7 Interfacial Tension Between Aqueous Surfactant
with Alcohols and Conoco #2 Diesel and Surface
Tension for Tergitol 15-S-7 at 72°F
1.5% Tergitol 15-S-7 with 0.5% Alcohol
-----  dyne/cm ------
Alcohol Interfacial Surface
Type Tension Tension
n-Butanol 0.352 s 30.6
n-Hexanol 0.099 s 29.0
n-Heptanol 0.085 s 28.2
n-Decanol 0.195 s 28.1
* Interfacial tension values denoted with 
a 11D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s” are spinning drop measurements.
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Table A.8 Interfacial Tension Between Aqueous Surfactant
with Heptanol and Conoco #2 Diesel and Surface
Tension for Tergitol 15-S-7 at 72°F
1.5% Tergitol 15-S-7 with Heptanol
Alcohol-------- -----  dyne/cm ------
Concentration Interfacial Surface
% (wt/wt) Tension Tension
0.00 0.297 s 30.4
0.10 0.229 s —
0.20 0.165 S —
0.30 0.160 s —
0.40 0.126 s —
0.50 0.138 s 28.2
* Interfacial tension values denoted with 
a "D” to the right are DuNouy ring 
tensiometer determinations. Those with 
an ”s” are spinning drop measurements.
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Table A.9 Interfacial Tension Between Aqueous Surfactant
Solutions and Conoco #2 Diesel and Surface Tension






























* Interfacial tension values denoted with 
a 11D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
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Table A. 10 Interfacial Tension Between Aqueous
Surfactant Solutions and Conoco #2 Diesel and 
Surface Tension for Plurafac RA-20 and RA-30 
at 72°F
Plurafac RA-20
Surfactant   dyne/cm ------
Concentration Interfacial Surface
(W/W) Tension Tension
0.00 24.220 D 73.5
0.10 4.506 D 33.7
0.25 3.685 D 34.1
0.50 3.143 D 34.0
1.00 2.963 D 33.6
1.50 2.516 D 33.2
2.00 2.162 D , 33.5
Plurafac RA-30
Surfactant -----  dyne/cm------
Concentration Interfacial Surface
(w/w) Tension Tension
0.00 24.220 D 73.5
0.10 4.782 D 32.0
0.25 4.506 D 32.1
0.50 3.685 D 31.9
1.00 3.143 D 32.1
1.50 2.963 D 32.0
2.00 2.428 D 32.1
* Interfacial tension values denoted with 
a ”Dn to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s” are spinning drop measurements.
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MIKES 
GOLDEN, CO 80401
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Table A. 11 Interfacial Tension Between Aqueous
Surfactant Solutions and Conoco #2 Diesel and 
Surface Tension for Plurafac RA-40 and RA-25 
at 72°F
Plurafac RA-40
Surfactant   dyne/cm ------
Concentration Interfacial Surface
(w/w) Tension Tension
0.00 24.220 D 73.5
0.10 4.598 D 33.1
0.25 4.782 D 33.2
0.50 5.991 D 33.0
1.00 6.649 D 33.3
1.50 7.983 D 33.0
2.00 9.336 D 33.1
Plurafac RA-25
Surfactant   dyne/cm ------
Concentration Interfacial Surface
(W/W) Tension Tension
0.00 24.220 D 73.5
0.10 3.685 D 34.1
0.25 3.233 D 34.0
0.50 2.873 D 33.9
1.00 2.516 D 33.8
1.50 2.250 D 33.5
2.00 2.162 D 33.9
* Interfacial tension values denoted with 
a "D” to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
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Table A.12 Interfacial Tension Between Aqueous 
Surfactant Solutions and Conoco #2 Diesel and 








0.00 24.220 D 73.5
0.10 6.555 D 29.1
0.25 3.866 D —
0.50 2.337 S —
1.00 0.816 s —
1.50 0.470 S —































* Interfacial tension values denoted with 
a "D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s” are spinning drop measurements.
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Table A.13 Interfacial Tension Between Aqueous
Surfactant Solutions and Conoco #2 Diesel and 






























Surfactant -----  dyne/cm ------
Concentration Interfacial Surface 
% (w/w) Tension Tension
0.00 24.220 D 73.5
0.10 4.782 D




2.00 2.963 D 36.8
* Interfacial tension values denoted with 
a 11D” to the right are DuNouy ring 
tensiometer determinations. Those with 
an ”s" are spinning drop measurements.
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Table A. 14 Interfacial Tension Between Aqueous
Surfactant Solutions and Conoco #2 Diesel and 































% (w/w) NaOH Na2C03
0.00 6.688 D 6.688 D
0.50 0.363 s 2.907 D
0.75 0.180 s 1.864 D
1.00 0.082 s 1.313 D
1.50 0.009 s 0.592 s
2.00 0.009 s 0.079 s
* Interfacial tension values denoted with 
a 11D” to the right are DuNouy ring 
tensiometer determinations. Those with 
an Ms" are spinning drop measurements.
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Table A.15 Interfacial Tension Between Aqueous
Surfactant Solutions and Conoco #2 Diesel and
Surface Tension for Bioterge PAS 8S at 72°F
Bioterge PAS 8-S
Surfactant   dyne/cm ------
Concentration Interfacial Surface
(w/w) Tension Tension
0.00 24.220 D 73.5
0.10 10.313 D 47.5
0.25 3.594 D 41.7
0.50 2.711 s 31.0
1.00 0.031 s 28.1
1.50 0.041 s 27.8
2.00 0.169 s 27.9
* Interfacial tension values denoted with 
a 11D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
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Table A.16 Interfacial Tension Between Aqueous Alkaline-
Surfactant Solutions and Conoco #2 Diesel and
Surface Tension for Bioterge PAS 8S at 72°F
1% Bioterge PAS 8S
Na2C03  dyne/cm-------
Concentration Interfacial Surface 
% (w/w) Tension Tension
0.00 0.031 s 73.5
0.25 0.141 s 27.5
0.50 0.157 S 27.6
1.00 0.141 s 27.4
1.50 0.151 s 27.3
2.00 0.219 s 27.6
* Interfacial tension values denoted with 
a ”D” to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s” are spinning drop measurements.
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Table A.17 Interfacial Tension Between 1% Aqueous
Surfactants and Vacuum Pump Oil at 72°F
Surfactant Interfacial 
Surfactant Concentration Tension
Manufacturer Type % dyne/cm
Stepan Bioterge PAS-8S 1.00 1.307 S
PPG SIS 1.00 0.910 s
Stepan 50:50 PAS-8S:SIS 1.00 0.896 s
Red Devil Trisodium Phosphate 1.00 1.178 s
Stepan Bioterge ID-100 1.00 1.019 s
Stepan Folystep A-18 1.00 1.494 s
Stepan Folystep A-7 1.00 0.163 s
Stepan Nacoonol 90F 1.00 0.746 s
Stepan Nacconol 35SL 1.00 0.577 s
Stepan Ninate 411 1.00 0.212 s
Stepan Ninol 11CM 1.00 0.457 s
Stepan Ninate 410 1.00 0.105 s
Shell IOS 1517 1.00 1.178 s
Shell IOS 1518 1.00 0.946 s
Shell IOS 1720 1.00 0.982 s
Shell IOS 2024 1.00 0.503 s
Shell AOS 1618 1.00 0.746 s
Shell AOS 2024 1.00 1.019 s
Shell LXS C810 1.00 0.910 s
Shell IXS 1112 1.00 1.178 s
Shell LXS 370/60 1.00 0.503 s
Shell LXS 420/60 1.00 1.097 s
Shell AES 1215-3P-3ES 1.00 1.307 s
Shell AES 1215-7P-2ES 1.00 0.105 s
* Interfacial tension values denoted with 
a "D” to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s” are spinning drop measurements.
SIS = sodium lauryl sulfate
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Table A.18 Interfacial Tension Between 1% Aqueous
Surfactants and 60:40 Oil Blend of Vacuum 




Bioterge PAS 8S 1.00 1.843 s
SIS 1.00 0.813 s
50:50 PAS-8S:SIS 1.00 0.475 s
Folystep A-7 1.00 0.263 s
Ninol 11CM 1.00 0.450 s
60:40 A-7:PAS 8S 1.00 0.126 s
60:40 AES 1215-7P-2ES:
Bioterge PAS 8S 1.00 0.025 s
Chaser SD-1000 1.00 3.366 D
Neodol LXS 1314 1.00 1.118 D
Neodol 25-3S 1.00 0.943 D
Stepanate C-5 1.00 7.477 D
* Interfacial tension values denoted with 
a "D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
SIS = sodium lauryl sulfate
A-7 = Polystep A7
PAS 8S = Bioterge PAS 8S
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Table A.19 Interfacial Tension Between 1% Aqueous
Surfactants and 60:40 Oil Blend of Vacuum 
Pump Oil : #2 Diesel 72°F (Surfactant Blends 




Bioterge PAS 8S 1.00 1.205 D
with 300 mg/L Flocon 1.00 0.943 D
with 500 mg/L Flocon 1.00 0.176 s
Chaser SD-1000
with 500 mg/L Flocon 1.00 2.633 D
60:40 AES 1215-7P-2ES:
Bioterge PAS 8S
with 500 mg/L Flocon 1.00 0.025 s
500 mg/L Flocon 4800 1.00 11.729 D
Sodium Lauryl Sulfate 1.00 1.087 s
* Interfacial tension values denoted with 
a "D" to the right are DuNouy ring 
tensiometer determinations. Those with 
an "s" are spinning drop measurements.
Appendix B 
Oil Recovery and Saturation Tables
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Table B.l Thesis Sandpack 2: Incremental Fluid Production
















"U illM la  LLVg
Total Gas
"x T u u U C u u fr
water Oil IV
DE-IQNIZED WATER at fcf*&00•
1 12.20 0.00 0.00 12.20 0.071 32.0 68.0 100.0 9.5
2 24.50 0.00 0.00 24.50 0.143 39.2 60.8 100.0 19.0
3 36.70 0.00 0.00 36.70 0.214 46.3 53.7 100.0 28.5
4 49.00 0.00 0.00 49.00 0.285 53.5 46.5 100.0 38.0
5 61.00 0.00 0.40 60.60 0.355 60.2 39.8 96.7 47.0
6 73.30 0.00 4.20 69.10 0.427 65.2 34.8 69.1 53.6
7 85.50 0.00 10.40 75.10 0.498 68.7 31.3 49.2 58.3
8 97.80 0.00 20.90 76.90 0.570 69.7 30.3 14.6 59.7
9 110.10 0.00 33.10 77.00 0.641 69.8 30.2 0.8 59.7
10 122.30 0.00 45.25 77.05 0.712 69.8 30.2 0.4 59.8
11 134.50 0.00 57.43 77.07 0.783 69.8 30.2 0.2 59.8
12 146.70 0.00 69.61 77.09 0.854 69.8 30.2 0.2 59.8
13 158.90 0.00 81.76 77.14 0.925 69.9 30.1 0.4 59.8
14 171.10 0.00 93.95 77.15 0.997 69.9 30.1 0.1 59.9
15 183.30 0.00 106.05 77.25 1.068 69.9 30.1 0.8 59.9
16 195.50 0.00 118.20 77.30 1.139 69.9 30.1 0.4 60.0
17 207.50 0.00 130.20 77.30 1.209 69.9 30.1 0.0 60.0
18 219.60 0.00 142.25 77.35 1.279 70.0 30.0 0.4 60.0
19 231.90 0.00 154.54 77.36 1.351 70.0 30.0 0.1 60.0
20 244.10 0.00 166.69 77.41 1.422 70.0 30.0 0.4 60.1
21 256.30 0.00 178.89 77.41 1.493 70.0 30.0 0.0 60.1
22 268.50 0.00 191.07 77.43 1.564 70.0 30.0 0.2 60.1
23 280.70 0.00 203.25 77.45 1.635 70.0 30.0 0.2 60.1
24 292.80 0.00 215.33 77.47 1.705 70.0 30.0 0.2 60.1
25 304.90 0.00 227.42 77.48 1.776 70.1 29.9 0.1 60.1
26 317.00 0.00 239.50 77.50 1.846 70.1 29.9 0.2 60.1
27 329.10 0.00 251.59 77.51 1.917 70.1 29.9 0.1 60.1
28 341.20 0.00 263.64 77.56 1.987 70.1 29.9 0.4 60.2
29 353.50 0.00 275.89 77.61 2.059 70.1 29.9 0.4 60.2
30 365.60 0.00 287.97 77.63 2.129 70.1 29.9 0.2 60.2
31 377.70 0.00 300.02 77.68 2.200 70.2 29.8 0.4 60.3
32 390.00 0.00 312.31 77.69 2.271 70.2 29.8 0.1 60.3
33 402.10 0.00 324.41 77.69 2.342 70.2 29.8 0.0 60.3
34 412.60 0.00 334.86 77.74 2.403 70.2 29.8 0.5 60.3
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EE--ICNIZED WATER at 31.18 ft/day
35 452.60 0.00 374.81 77.79 2.636 70.2 29.8 0.1 60.3
36 478.40 0.00 400.46 77.94 2.786 70.3 29.7 0.6 60.5
37 503.90 0.00 425.56 78.34 2.935 70.6 29.4 1.6 60.8
38 528.90 0.00 450.06 78.84 3.080 70.8 29.2 2.0 61.2
39 553.90 0.00 474.51 79.39 3.226 71.2 28.8 2.2 61.6
40 578.90 0.00 498.91 79.99 3.372 71.5 28.5 2.4 62.1
41 603.90 0.00 523.51 80.39 3.517 71.7 28.3 1.6 62.4
42 629.00 0.00 548.11 80.89 3.663 72.0 28.0 2.0 62.8
43 653.80 0.00 572.56 81.24 3.808 72.2 27.8 1.4 63.0
44 679.00 0.00 597.36 81.64 3.955 72.5 27.5 1.6 63.3
45 704.40 0.00 622.36 82.04 4.103 72.7 27.3 1.6 63.6
46 729.70 0.00 647.36 82.34 4.250 72.9 27.1 1.2 63.9
47 754.90 0.00 672.36 82.54 4.397 73.0 27.0 0.8 64.0
48 779.90 0.00 697.21 82.69 4.542 73.1 26.9 0.6 64.2
49 804.90 0.00 722.06 82.84 4.688 73.2 26.8 0.6 64.3
50 829.90 0.00 746.86 83.04 4.833 73.3 26.7 0.8 64.4
51 854.90 0.00 771.76 83.14 4.979 73.3 26.7 0.4 64.5
52 878.30 0.00 795.06 83.24 5.115 73.4 26.6 0.4 64.6
EE-TQNTZED WATER at 62.27 ft/day
53 903.50 0.00 820.21 83.29 5.262 73.4 26.6 0.2 64.6
54 928.30 0.00 844.99 83.31 5.407 73.4 26.6 0.1 64.6
55 953.30 0.00 869.96 83.34 5.552 73.5 26.5 0.1 64.7
56 978.50 0.00 894.96 83.54 5.699 73.6 26.4 0.8 64.8
57 1004.50 0.00 920.86 83.64 5.850 73.6 26.4 0.4 64.9
58 1029.60 0.00 945.86 83.74 5.997 73.7 26.3 0.4 65.0
59 1056.70 0.00 972.91 83.79 6.154 73.7 26.3 0.2 65.0
60 1081.70 0.00 997.86 83.84 6.300 73.8 26.2 0.2 65.0
61 1107.10 0.00 1023.16 83.94 6.448 73.8 26.2 0.4 65.1
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DE-ICNIZED WATER at 124.15 ft/day
62 1132.10 0.00 1048.11 83.99 6.593 73.8 26.2 0.2 65.2
63 1157.10 0.00 1073.01 84.09 6.739 73.9 26.1 0.4 65.2
64 1182.20 0.00 1098.01 84.19 6.885 74.0 26.0 0.4 65.3
65 1206.80 0.00 1122.51 84.29 7.029 74.0 26.0 0.4 65.4
66 1231.80 0.00 1147.36 84.44 7.174 74.1 25.9 0.6 65.5
67 1257.00 0.00 1172.51 84.49 7.321 74.1 25.9 0.2 65.5
68 1282.00 0.00 1197.41 84.59 7.467 74.2 25.8 0.4 65.6
69 1308.50 0.00 1223.81 84.69 7.621 74.3 25.7 0.4 65.7
DE-IQNTZED WATER at 217.9 ft/day
70 1333.50 0.00 1248.76 84.74 7.766 74.3 25.7 0.2 65.7
71 1358.50 0.00 1273.46 85.04 7.912 74.5 25.5 , 1.2 66.0
72 1383.30 0.00 1298.06 85.24 8.056 74.6 25.4 0.8 66.1
73 1408.40 0.00 1323.01 85.39 8.203 74.7 25.3 0.6 66.2
74 1433.40 0.00 1347.76 85.64 8.348 74.8 25.2 1.0 66.4
75 1459.00 0.00 1373.06 85.94 8.497 75.0 25.0 1.2 66.7
76 1484.40 0.00 1398.26 86.14 8.645 75.1 24.9 0.8 66.8
77 1509.40 0.00 1423.16 86.24 8.791 75.2 24.8 0.4 66.9
78 1534.40 0.00 1448.06 86.34 8.937 75.2 24.8 0.4 67.0
79 1559.40 0.00 1472.96 86.44 9.082 75.3 24.7 0.4 67.1
80 1584.60 0.00 1497.96 86.64 9.229 75.4 24.6 0.8 67.2
81 1609.10 0.00 1522.36 86.74 9.372 75.4 24.6 0.4 67.3
82 1713.60 79.30 1547.36 86.94 9.980 75.6 24.4 0.8 67.4
83 1818.10 158.40 1572.66 87.04 10.589 75.6 24.4 0.4 67.5
84 1922.60 231.10 1604.41 87.09 11.197 75.6 24.4 0.2 67.6
85 2027.10 310.20 1629.80 87.10 11.806 75.7 24.3 0.0 67.6
86 2131.60 391.20 1653.30 87.10 12.415 75.7 24.3 0.0 67.6
87 2236.10 471.50 1677.50 87.10 13.023 75.7 24.3 0.0 67.6
88 2340.60 551.80 1701.70 87.10 13.632 75.7 24.3 0.0 67.6
89 2445.10 638.10 1719.90 87.10 14.241 75.7 24.3 0.0 67.6
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Table B.2 Thesis Sandpack 3: Incremental Fluid
Production and Cumulative Fluid Saturation
page 1
...  Cumulative— Gas water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil IV %rv %pv %IV % %Soi
EE-IQNIZED WATER at 7.78 ft/day
1 0.00 0.00 25.00 0.154 0.0 38.8 61.2 100.0 20.1
2 0.00 0.00 49.50 0.305 0.0 53.9 46.1 100.0 39.8
3 0.00 0.70 72.80 0.453 0.0 68.2 31.8 97.1 58.5
4 0.00 16.70 81.70 0.606 0.0 73.7 26.3 35.7 65.7
5 0.00 40.70 82.60 0.759 0.0 74.3 25.7 3.6 66.4
6 0.00 65.10 82.80 0.911 0.0 74.4 25.6 0.8 66.6
7 0.00 89.60 82.90 1.062 0.0 74.4 25.6 0.4 66.6
8 0.00 114.05 82.95 1.213 0.0 74.5 25.5 0.2 66.7
9 0.00 138.50 83.00 1.364 0.0 74.5 25.5 0.2 66.7
10 0.00 162.68 83.02 1.513 0.0 74.5 25.5 0.1 66.7
11 0.00 186.88 83.02 1.662 0.0 74.5 25.5 0.0 66.7
12 0.00 210.93 83.07 1.810 0.0 74.6 25.4 0.2 66.8
13 0.00 234.98 83.12 1.959 0.0 74.6 25.4 0.2 66.8
14 0.00 236.98 83.12 1.971 0.0 74.6 25.4 0.0 66.8
SHUT IN PGR 72 HOURS
DE-ICNIZED WATER AT 6.52 ft/day
15 0.00 236.98 83.12 1.971 0.0 74.6 25.4 0.0 66.8
16 0.00 259.78 84.92 2.123 0.0 75.7 24.3 7.3 68.3
17 0.00 282.88 86.12 2.272 0.0 76.4 23.6 4.9 69.2
18 0.00 306.88 87.12 2.426 0.0 77.0 23.0 4.0 70.0
19 0.00 331.08 88.02 2.581 0.0 77.6 22.4 3.6 70.8
20 0.00 356.28 88.42 2.738 0.0 77.8 22.2 1.6 71.1
21 0.00 378.98 89.22 2.883 0.0 78.3 21.7 3.4 71.7
22 0.00 403.78 90.12 3.041 0.0 78.9 21.1 3.5 72.4
AIR at 7.73 ft/day
23 0.00 415.38 90.32 3.114 7.3 71.7 21.0 1.7 72.6
24 21.30 418.33 90.57 3.265 9.2 69.9 20.8 1.0 72.8
25 43.80 420.28 90.62 3.416 10.5 68.7 20.8 0.2 72.8
26 68.30 420.28 90.62 3.567 10.5 68.7 20.8 0.0 72.8
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Table B2, Page 2
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil IV %IV %IV %IV % %Soi
AIR at 7.73 ft/day
27 117.30 420.28 90.62 3.868 10.5 68.7 20.8 0.0 72.8
28 166.30 420.28 90.62 4.170 10.5 68.7 20.8 0.0 72.8
29 215.30 420.28 90.62 4.472 10.5 68.7 20.8 0.0 72.8
30 264.30 420.28 90.62 4.773 10.5 68.7 20.8 0.0 72.8
31 313.30 420.28 90.62 5.075 10.5 68.7 20.8 0.0 72.8
32 362.30 420.28 90.62 5.377 10.5 68.7 20.8 0.0 72.8
33 411.30 420.28 90.62 5.679 10.5 68.7 20.8 0.0 72.8
34 460.30 420.28 90.62 5.980 10.5 68.7 20.8 0.0 72.8
35 509.30 420.28 90.62 6.282 10.5 68.7 20.8 0.0 72.8
36 558.30 420.28 90.62 6.584 10.5 68.7 20.8 0.0 72.8
37 607.30 420.28 90.62 6.885 10.5 68.7 20.8 0.0 72.8
38 656.30 420.28 90.62 7.187 10.5 68.7 20.8 0.0 72.8
39 705.30 420.28 90.62 7.489 10.5 68.7 20.8 0.0 72.8
40 754.30 420.28 90.62 7.791 10.5 68.7 20.8 0.0 72.8
41 803.30 420.28 90.62 8.092 10.5 68.7 20.8 0.0 72.8
42 826.00 420.28 90.62 8.232 10.5 68.7 20.8 0.0 72.8
AIR at 4.03 ft/day plus EE-ICNIZED WATER at 1.97 ft/day
43 846.90 423.78 90.72 8.383 8.7 70.6 20.7 0.4 72.9
44 863.30 431.88 90.72 8.534 9.7 69.5 20.7 0.0 72.9
45 882.00 437.53 90.87 8.685 9.3 70.0 20.6 0.6 73.0
46 901.90 442.03 90.97 8.836 8.2 71.2 20.6 0.4 73.1
47 918.00 450.33 91.07 8.986 9.4 70.1 20.5 0.4 73.2
48 935.60 457.13 91.17 9.137 9.6 69.9 20.5 0.4 73.3
49 955.80 461.28 91.32 9.288 8.3 71.3 20.4 0.6 73.4
50 972.50 469.03 91.37 9.439 9.1 70.5 20.3 0.2 73.4
51 991.80 474.13 91.47 9.590 8.4 71.4 20.3 0.4 73.5
MR at 30.05 ft/day plus EE-ICNIZED WATER at 7.87 ft/day
52 1021.80 480.38 91.52 9.813 8.4 71.3 20.2 0.1 73.6
53 1050.00 488.46 91.54 10.037 9.6 70.2 20.2 0.1 73.6
54 1080.00 494.61 91.59 10.260 9.6 70.2 20.2 0.1 73.6
55 1109.60 501.26 91.64 10.483 9.9 69.9 20.2 0.1 73.7
56 1139.40 507.74 91.66 10.707 10.1 69.7 20.2 0.1 73.7
57 1169.70 513.64 91.76 10.930 10.0 69.9 20.1 0.3 73.8
58 1199.90 519.72 91.78 11.154 10.0 70.0 20.1 0.1 73.8
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Table B2, page 3
-----  Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Pec.
No. Gas Water Oil IV %EV %IV %IV % %Soi
AIR at 30.05 ft/day plus EE-ICNIZED WATER at 7.87 ft/day
59 1229.70 526.12 91.78 11.377 10.1 69.8 20.1 0.0 73.8
60 1260.60 531.52 91.78 11.600 9.6 70.3 20.1 0.0 73.8
61 1291.40 536.97 91.83 11.824 9.2 70.8 20.1 0.1 73.8
AIR at 134.4 ft/day plus EE-ICNIZED WATER at 31.47 ft/day
62 1339.20 545.17 91.83 12.169 8.7 71.3 20.1 0.0 73.8
63 1387.40 552.96 91.84 12.514 7.9 72.0 20.0 0.0 73.8
64 1435.30 561.06 91.84 12.858 7.4 72.6 20.0 0.0 73.8
65 1482.80 569.55 91.85 13.203 7.1 72.9 20.0 0.0 73.8
66 1529.10 579.20 91.90 13.548 7.5 72.5 20.0 0.1 73.9
67 1575.50 588.70 91.90 13.892 7.8 72.2 20.0 , 0.0 73.9
68 1623.17 597.00 91.90 14.237 7.4 72.6 20.0 0.0 73.9
69 1670.97 605.19 91.91 14.582 6.9 73.1 20.0 0.0 73.9
70 1718.77 613.29 91.91 14.926 6.3 73.7 20.0 0.0 73.9
71 1766.47 621.58 91.92 15.271 5.9 74.1 20.0 0.0 73.9
AIR at 506.1 ft/day plus EE-IONIZED WATER at 125.9 ft/day
72 1804.47 623.78 91.92 15.518 3.2 76.8 20.0 0.0 73.9
73 1842.67 626.78 91.92 15.772 1.0 79.0 20.0 0.0 73.9
74 1878.47 632.18 91.92 16.026 0.2 79.8 20.0 0.0 73.9
75 1912.07 638.78 91.92 16.273 0.2 79.8 20.0 0.0 73.9
76 1945.15 645.88 91.92 16.521 0.5 79.5 20.0 0.0 73.9
77 1977.15 654.07 91.93 16.768 1.4 78.6 20.0 0.0 73.9
78 2009.35 662.07 91.93 17.016 2.3 77.7 20.0 0.0 73.9
79 2041.55 670.02 91.98 17.263 3.1 76.9 20.0 0.1 73.9
80 2073.75 678.02 91.98 17.511 4.0 76.1 20.0 0.0 73.9
81 2105.95 685.97 92,03 17.758 4.8 75.2 19.9 0.1 74.0
82 2138.55 693.57 92.03 18.006 5.4 74.6 19.9 0.0 74.0
83 2171.75 700.47 92.13 18.253 5.7 74.5 19.9 0.2 74.1
84 2203.95 708.37 92.23 18.501 6.5 73.7 19.8 0.2 74.1
85 2236.15 716.22 92.38 18.748 7.4 72.9 19.7 0.4 74.3
86 2266.35 726.12 92.48 18.996 9.4 70.9 19.7 0.2 74.3
87 2300.95 731.67 92.53 19.244 8.8 71.6 19.6 0.1 74.4
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Table 62, page 4
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas water Oil IV %IV %IV %rv % %Soi
AIR at 6.00 ft/day plus 1.0% BIOTERGE PAS-8S at 1.97 ft/day
88 2323.65 737.57 92.58 19.420 8.8 71.6 19.6 0.2 74.4
89 2345.85 743.77 92.68 19.595 9.0 71.5 19.5 0.4 74.5
90 2364.65 749.57 92.78 19.748 8.9 71.6 19.5 0.4 74.6
91 2382.55 755.37 93.18 19.896 9.0 71.8 19.2 1.7 74.9
92 2400.15 761.47 93.58 20.044 9.3 71.7 19.0 1.7 75.2
93 2417.55 767.52 93.63 20.189 9.4 71.7 18.9 0.2 75.3
94 2435.05 773.52 93.63 20.334 9.4 71.7 18.9 0.0 75.3
95 2452.45 779.57 93.68 20.478 9.4 71.6 18.9 0.2 75.3
96 2470.05 785.47 93.68 20.623 9.4 71.7 18.9 0.0 75.3
97 2487.65 791.32 93.73 20.768 9.3 71.8 18.9 0.2 75.3
98 2505.25 797.17 93.78 20.913 9.3 71.9 18.9 0.2 75.4
99 2522.65 803.22 93.83 21.057 9.3 71.8 18.8 0.2 75.4
100 2540.15 809.17 93.88 21.202 9.3 71.9 18.8 0.2 75.5
101 2557.65 815.16 93.89 21.347 9.3 71.9 18.8 0.0 75.5
102 2575.15 821.16 93.89 21.491 9.3 71.9 18.8 0.0 75.5
103 2592.65 827.16 93.90 21.636 9.3 71.9 18.8 0.0 75.5
AIR at 7.90 ft/day
104 2613.25 833.16 93.90 21.800 13.0 68.2 18.8 0.0 75.5
105 2633.95 839.01 93.95 21.964 16.7 64.6 18.7 0.2 75.5
106 2654.75 844.81 93.95 22.128 20.2 61.0 18.7 0.0 75.5
107 2676.45 849.69 93.97 22.291 23.2 58.0 18.7 0.1 75.5
108 2700.95 851.79 93.97 22.455 24.5 56.7 18.7 0.0 75.5
109 2727.45 851.89 93.97 22.619 24.6 56.7 18.7 0.0 75.5
110 2753.95 851.99 93.97 22.783 24.7 56.6 18.7 0.0 75.5
111 2780.45 852.09 93.97 22.946 24.7 56.5 18.7 0.0 75.5
112 2807.05 852.09 93.97 23.110 24.7 56.5 18.7 0.0 75.5
113 2833.65 852.09 93.97 23.274 24.7 56.5 18.7 0.0 75.5
114 2860.25 852.09 93.97 23.438 24.7 56.5 18.7 0.0 75.5
115 2886.85 852.09 93.97 23.602 24.7 56.5 18.7 0.0 75.5
116 2913.45 852.09 93.97 23.765 24.7 56.5 18.7 0.0 75.5
117 2940.05 852.09 93.97 23.929 24.7 56.5 18.7 0.0 75.5
118 2966.65 852.09 93.97 24.093 24.7 56.5 18.7 0.0 75.5
119 2993.25 852.09 93.97 24.257 24.7 56.5 18.7 0.0 75.5
120 3019.85 852.09 93.97 24.421 24.7 56.5 18.7 0.0 75.5
121 3046.45 852.09 93.97 24.584 24.7 56.5 18.7 0.0 75.5
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Table B2, page 5
----Oimulative- Gas Water Oil Oil Oil
Tube ----- ----Production— Sat. Sat. Sat. cut Rec,
No. Gas Water Oil IV %TV %IV %PV % %So:
122 3073.05 852.09 93.97 24.748 24.7 56.5 18.7 0.0 75.5
AIR at 5.94 ft/day plus 1.0% BIOTERGE PAS-8S at 1.96 ft/day
123 3100.05 852.09 93.97 24.914 21.0 60.2 18.7 0.0 75.5
124 3127.05 852.09 93.97 25.081 17.4 63.9 18.7 0.0 75.5
125 3154.05 852.09 93.97 25.247 13.7 67.6 18.7 0.0 75.5
126 3181.05 852.09 93.97 25.413 10.0 71.3 18.7 0.0 75.5
127 3201.05 858.94 94.12 25.579 10.6 70.7 18.6 0.6 75.7
128 3217.95 868.79 94.37 25.746 13.2 68.3 18.5 0.9 75.9
AIR at 31.20 ft/day plus 1.0% BIOTERGE PAS-8S at 7.82 ft/day
129 3245.85 877.54 94.52 25.972 14.9 66.7 18.4 0.4 76.0
130 3277.55 882.54 94.62 26.199 14.2 67.4 18.3 0.3 76.1
131 3310.45 886.39 94.67 26.426 12.9 68.8 18.3 0.1 76.1
132 3341.55 892.09 94.67 26.652 12.6 69.1 18.3 0.0 76.1
133 3372.35 897.99 94.77 26.879 12.5 69.2 18.2 0.3 76.2
134 3403.05 904.09 94.82 27.106 12.5 69.3 18.2 0.1 76.2
135 3433.05 910.79 94.92 27.332 12.9 68.9 18.2 0.3 76.3
136 3463.85 916.74 94.97 27.559 12.8 69.0 18.1 0.1 76.3
137 3494.15 923.19 95.02 27.785 13.1 68.8 18.1 0.1 76.4
138 3524.65 929.49 95.02 28.012 13.2 68.7 18.1 0.0 76.4
139 3555.15 935.74 95.07 28.239 13.3 68.7 18.1 0.1 76.4
140 3585.75 941.94 95.07 28.465 13.3 68.6 18.1 0.0 76.4
141 3616.45 948.04 95.12 28.692 13.3 68.6 18.0 0.1 76.5
142 3646.95 954.29 95.17 28.919 13.4 68.6 18.0 0.1 76.5
143 3677.65 960.39 95.22 29.146 13.4 68.6 18.0 0.1 76.5
AIR at 125.1 ft/day plus 1.0% BIOTERGE PAS-8S at 31.28 ft/day
144 3718.85 968.57 95.24 29.450 13.4 68.6 18.0 0.0 76.6
145 3758.25 978.57 95.24 29.754 14.6 67.5 18.0 0.0 76.6
146 3799.75 986.45 95.26 30.058 14.4 67.7 17.9 0.0 76.6
147 3841.15 994.45 95.26 30.362 14.2 67.8 17.9 0.0 76.6
148 3882.75 1002.24 95.27 30.667 14.0 68.1 17.9 0.0 76.6
149 3923.95 1010.42 95.29 30.971 14.0 68.1 17.9 0.0 76.6
150 3965.75 1017.97 95.34 31.275 13.6 68.5 17.9 0.1 76.6
151 4007.05 1025.87 95.49 31.579 13.5 68.7 17.8 0.3 76.8





Table B2, page 6
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Pec.
No. Gas Water Oil IV %W %IV %IV % %Soi
AIR at 125.1 ft/day plus 1.0% BIOTERGE PAS-8S at 31.28 ft/day
153 4088.95 1042.27 95.94 32.187 13.8 68.7 17.5 0.4 77.1
154 4129.95 1050.47 96.14 32.491 13.9 68.7 17.4 0.4 77.3
155 4171.45 1058.52 96.29 32.797 13.9 68.8 17.3 0.3 77.4
156 4212.45 1066.82 96.39 33.101 14.1 68.7 17.2 0.2 77.5
157 4253.05 1075.52 96.49 33.406 14.4 68.4 17.2 0.2 77.6
158 4293.85 1084.02 96.59 33.710 14.7 68.2 17.1 0.2 77.6
159 4334.75 1092.32 96.79 34.014 14.9 68.1 17.0 0.4 77.8
160 4375.65 1100.52 97.09 34.318 15.0 68.1 16.8 0.6 78.0
161 4416.65 1108.52 97.49 34.622 15.2 68.3 16.6 0.8 78.4
162 4457.65 1116.52 97.89 34.926 15.3 68.4 16.3 0.8 78.7
163 4498.65 1125.42 98.39 35.237 16.0 68.0 16.0 1.0 79.1
164 4540.35 1133.72 98.79 35.547 16.3 67.9 15.8 0.8 79.4
165 4581.25 1141.82 99.19 35.851 16.5 68.0 15.5 0.8 79.7
166 4622.05 1150.07 99.54 36.156 16.8 67.9 15.3 0.7 80.0
167 4662.75 1158.57 99.69 36.459 17.0 67.7 15.2 0.3 80.1
168 4704.25 1166.17 99.99 36.764 16.9 68.1 15.0 0.6 80.4
169 4747.15 1172.42 100.24 37.068 15.8 69.3 14.9 0.5 80.6
170 4788.45 1179.92 100.54 37.370 15.6 69.7 14.7 0.6 80.8
171 4829.55 1187.82 100.94 37.674 15.6 69.9 14.4 0.8 81.1
172 4870.75 1195.72 101.24 37.979 15.6 70.1 14.3 0.6 81.4
173 4912.15 1203.32 101.64 38.283 15.5 70.5 14.0 0.8 81.7
174 4953.35 1211.22 101.94 38.587 15.5 70.7 13.8 0.6 81.9
175 4994.75 1218.92 102.24 38.891 15.4 71.0 13.6 0.6 82.2
176 5035.85 1226.92 102.54 39.195 15.4 71.1 13.5 0.6 82.4
177 5075.55 1236.17 102.99 39.499 16.4 70.4 13.2 0.9 82.8
AIR at 125.1 ft/day plus 1.0% BIOTERGE PAS-8S with 300 mg/1 FTOOCN 4800 at
31.28 ft/day
178 5116.45 1243.67 103.29 39.799 16.1 70.9 13.0 0.6 83.0
179 5157.55 1250.37 103.59 40.096 15.4 71.8 12.8 0.6 83.3
180 5196.15 1260.17 103.94 40.396 16.7 70.7 12.6 0.7 83.6
181 5234.05 1270.52 104.39 40.696 18.3 69.4 12.3 0.9 83.9
182 5273.55 1279.52 104.59 40.995 18.9 68.9 12.2 0.4 84.1
183 5313.85 1287.62 104.89 41.295 19.1 68.9 12.0 0.6 84.3
184 5357.55 1292.52 104.99 41.595 17.1 70.9 12.0 0.2 84.4
185 5399.75 1298.82 105.24 41.895 16.1 72.1 11.8 0.5 84.6
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---- ---Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas Vfeter Oil IV %rv %EV %rv % %Soi
AIR at 125.1 ft/day plus 1.0% HTOTERGE PAS-8S with 300 mg/1 FEOOCN 4800 at
31.28 ft/day
186 5441.25 1306.32 105.49 42.199 15.9 72.5 11.6 0.5 84.8
187 5481.95 1314.07 105.74 42.499 15.8 72.7 11.5 0.5 85.0
188 5522.65 1321.77 106.04 42.798 15.7 73.0 11.3 0.6 85.2
189 5563.55 1329.27 106.34 43.098 15.5 73.4 11.1 0.6 85.5
190 5604.05 1336.67 107.19 43.398 15.5 73.9 10.6 1.7 86.2
191 5644.75 1343.62 108.24 43.698 15.4 74.6 10.0 2.2 87.0
192 5685.15 1351.12 109.04 43.998 15.5 75.0 9.5 1.6 87.7
193 5725.45 1359.02 109.54 44.298 15.7 75.2 9.2 1.0 88.1
194 5765.75 1367.02 109.94 44.598 15.8 75.3 8.9 0.8 88.4
195 5806.25 1374.92 110.24 44.898 15.8 75.5 8.7 0.6 88.6
196 5846.35 1383.27 110.49 45.198 16.1 75.3 8.6 0.5 88.8
197 5886.65 1391.57 110.59 45.498 16.2 75.3 8.5 0.2 88.9
198 5927.55 1399.17 110.79 45.797 16.0 75.6 8.4 0.4 89.1
199 5968.65 1406.67 110.89 46.097 15.7 76.0 8.3 0.2 89.1
200 6009.95 1413.97 110.99 46.397 15.2 76.5 8.3 0.2 89.2
201 6050.75 1421.77 111.09 46.697 15.0 76.8 8.2 0.2 89.3
202 6088.75 1425.92 111.14 46.957 12.6 79.2 8.2 0.1 89.3
AIR at 125.1 ft/day plus EE-ICNIZED at 31.28 ft/day
203 6126.15 1435.72 111.34 47.249 13.9 78.1 8.0 0.4 89.5
204 6163.85 1445.07 111.59 47.540 14.9 77.2 7.9 0.5 89.7
205 6203.65 1452.57 111.69 47.832 14.7 77.4 7.8 0.2 89.8
206 6242.95 1460.57 111.74 48.124 14.8 77.4 7.8 0.1 89.8
207 6282.95 1467.87 111.84 48.415 14.5 77.8 7.7 0.2 89.9
208 6322.75 1475.42 111.89 48.707 14.3 78.0 7.7 0.1 89.9
209 6362.55 1483.00 111.91 48.999 14.1 78.2 7.7 0.0 90.0
210 6401.95 1490.98 111.93 49.291 14.1 78.2 7.7 0.0 90.0
211 6441.45 1498.83 111.98 49.583 14.1 78.2 7.6 0.1 90.0
212 6480.35 1507.28 112.03 49.875 14.5 77.9 7.6 0.1 90.1
213 6520.25 1514.73 112.08 50.167 14.2 78.2 7.6 0.1 90.1
214 6560.05 1522.28 112.13 50.458 14.0 78.4 7.6 0.1 90.1
215 6598.95 1530.73 112.15 50.750 14.4 78.1 7.5 0.0 90.2
216 6639.05 1538.01 112.17 51.042 14.0 78.5 7.5 0.0 90.2
217 6679.05 1545.39 112.19 51.334 13.7 78.8 7.5 0.0 90.2
218 6718.95 1552.88 112.20 51.626 13.4 79.1 7.5 0.0 90.2
219 6759.65 1559.57 112.21 51.918 12.7 79.8 7.5 0.0 90.2
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-- ■ ---Currcilative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas Vfeter Oil P7 %EV %FV %EV % %Soi
AIR at 125.1 ft/day plus EE-ICNIZED at 31.28 ft/day
220 6799.15 1567.46 112.22 52.210 12.6 79.9 7.5 0.0 90.2
221 6837.65 1576.35 112.23 52.501 13.3 79.3 7.5 0.0 90.2
222 6876.95 1584.49 112.24 52.794 13.4 79.1 7.5 0.0 90.2
223 6917.25 1591.58 112.25 53.085 12.9 79.6 7.5 0.0 90.2
224 6956.95 1599.27 112.26 53.377 12.8 79.8 7.5 0.0 90.2
225 6996.65 1606.96 112.27 53.669 12.6 79.9 7.5 0.0 90.2
226 7036.15 1614.85 112.28 53.961 12.6 79.9 7.5 0.0 90.3
227 7075.85 1622.54 112.29 54.253 12.5 80.1 7.5 0.0 90.3
228 7095.85 1626.04 112.29 54.398 12.5 80.1 7.5 0.0 90.3
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EE-ICNIZED WATER at 31.20 ft/day
1 0.00 0.00 24.10 0.139 0.0 43.3 56.7 100.0 19.7
2 0.00 0.00 48.60 0.281 0.0 57.5 42.5 100.0 39.8
3 0.00 2.00 70.90 0.422 0.0 70.4 29.6 91.8 58.1
4 0.00 17.20 80.40 0.565 0.0 75.9 24.1 38.5 65.8
5 0.00 37.90 84.70 0.709 0.0 78.4 21.6 17.2 69.4
6 0.00 60.30 86.80 0.851 0.0 79.6 20.4 8.6 71.1
7 0.00 83.50 87.90 0.992 0.0 80.2 19.8 4.5 72.0
8 0.00 107.00 88.90 1.134 0.0 80.8 19.2 4.1 72.8
9 0.00 130.80 89.70 1.276 0.0 81.3 18.8 3.3 73.5
10 0.00 154.80 90.50 1.420 0.0 81.7 18.3 3.2 74.1
11 0.00 178.50 91.10 1.560 0.0 82.1 17.9 2.5 74.6
12 0.00 202.60 91.60 1.703 0.0 82.3 17.7 2.0 75.0
13 0.00 226.50 92.20 1.844 0.0 82.7 17.3 2.4 75.5
14 0.00 250.70 92.70 1.987 0.0 83.0 17.0 2.0 75.9
15 0.00 274.60 93.20 2.128 0.0 83.3 16.7 2.0 76.3
16 0.00 299.00 93.60 2.272 0.0 83.5 16.5 1.6 76.7
17 0.00 323.30 94.00 2.415 0.0 83.7 16.3 1.6 77.0
18 0.00 347.50 94.30 2.557 0.0 83.9 16.1 1.2 77.2
19 0.00 369.00 94.50 2.682 0.0 84.0 16.0 0.9 77.4
SHOT IN FOR 15 HOURS
20 0.00 369.00 94.50 2.682 0.0 84.0 16.0 0.0 77.4
DE-ICNTZED WATER at 31..25 ft/day
21 0.00 392.00 94.70 2.817 0.0 84.1 15.9 0.9 77.6
22 0.00 416.30 94.90 2.958 0.0 84.3 15.7 0.8 77.7
23 0.00 440.70 95.00 3.100 0.0 84.3 15.7 0.4 77.8
24 0.00 465.15 95.05 3.242 0.0 84.3 15.7 0.2 77.8
25 0.00 489.70 95.10 3.384 0.0 84.4 15.6 0.2 77.9
26 0.00 514.18 95.12 3.526 0.0 84.4 15.6 0.1 77.9
27 0.00 538.43 95.17 3.667 0.0 84.4 15.6 0.2 77.9
28 0.00 562.43 95.17 3.806 0.0 84.4 15.6 0.0 77.9
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EE-ICNIZED WATER at 31.25 ft/day
29 0.00 586.61 95.19 3.946 0.0 84.4 15.6 0.1 78.0
30 0.00 609.56 95.24 4.079 0.0 84.5 15.5 0.2 78.0
31 0.00 634.51 95.29 4.223 0.0 84.5 15.5 0.2 78.0
32 0.00 659.01 95.29 4.365 0.0 84.5 15.5 0.0 78.0
33 0.00 683.50 95.30 4.507 0.0 84.5 15.5 0.0 78.1
AIR from BOTTCM UP at 31.16 ft/day
34 26.06 706.40 95.35 4.791 13.3 71.2 15.5 0.2 78.1
35 26.06 707.10 95.37 4.795 13.7 70.8 15.5 2.8 78.1
AIR from TOP DOWN at 31.16 ft/day
36 52.12 720.60 95.47 5.024 21.6 63.0 15.4 0.7 78.2
37 78.18 727.00 95.57 5.213 25.3 59.3 15.4 1.5 78.3
38 104.24 729.80 95.58 5.380 27.0 57.7 15.3 0.4 78.3
39 130.30 731.20 95.61 5.539 27.8 56.9 15.3 2.1 78.3
40 156.36 732.20 95.62 5.695 28.4 56.3 15.3 1.0 78.3
41 182.42 732.90 95.63 5.850 28.8 55.9 15.3 1.4 78.3
42 208.48 733.60 95.64 6.005 29.2 55.5 15.3 1.4 78.3
43 234.54 734.30 95.65 6.160 29.6 55.1 15.3 1.4 78.3
44 260.60 735.00 95.66 6.315 30.0 54.7 15.3 1.4 78.3
45 286.66 735.50 95.66 6.469 30.3 54.4 15.3 0.0 78.3
46 312.72 735.80 95.66 6.621 30.5 54.2 15.3 0.0 78.3
47 338.78 736.00 95.66 6.773 30.6 54.1 15.3 0.0 78.3
48 364.84 736.15 95.66 6.925 30.7 54.0 15.3 0.0 78.3
49 390.90 736.25 95.66 7.076 30.7 54.0 15.3 0.0 78.3
50 416.96 736.40 95.66 7.228 30.8 53.9 15.3 0.0 78.3
AIR at 23.37 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
51 435.52 738.20 95.66 7.346 28.3 56.4 15.3 0.0 78.3
52 454.08 738.70 95.68 7.456 25.0 59.7 15.3 3.8 78.4
53 472.64 740.00 95.71 7.571 22.2 62.6 15.3 2.3 78.4
54 491.20 744.50 95.72 7.705 21.2 63.6 15.3 0.2 78.4
55 509.76 750.30 95.77 7.846 21.0 63.8 15.2 0.9 78.456 528.32 757.60 95.82 7.996 21.6 63.2 15.2 0.7 78.5
57 546.88 763.80 95.84 8.140 21.6 63.2 15.2 0.3 78.5
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Table B3, page 3
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas water Oil PV %EV %PV %P7 % %Soi
AIR at 23.37 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
58 565.44 770.10 95.86 8.284
59 584.00 776.10 95.87 8.426
60 602.56 782.20 95.89 8.569
61 602.56 782.20 95.89 8.569
62 621.12 792.00 95.93 8.733
63 639.68 796.60 95.93 8.867
64 658.24 801.60 95.93 9.003
65 676.80 807.40 95.93 9.144
66 694.85 813.50 95.95 9.284
67 712.90 819.30 95.97 9.422
AIR at 23.37 ft/day plus 1.0% BIOTERGE
at 7.82 ft/day
68 730.95 824.10 95.98 9.555
69 749.00 829.10 95.98 9.688
70 767.05 834.10 95.98 9.821
71 785.10 838.80 95.98 9.953
72 803.15 843.40 95.99 10.084
73 821.20 847.80 96.00 10.214
74 839.25 852.10 96.00 10.343
75 857.30 856.40 96.00 10.473
76 875.35 862.00 96.00 10.610
77 893.40 866.50 96.05 10.740
78 911.45 872.90 96.08 10.882
79 929.50 879.20 96.13 11.023
80 947.55 885.50 96.28 11.165
81 965.60 891.30 96.78 11.306
82 983.65 897.40 97.88 11.452
83 1001.70 901.90 99.48 11.592
84 1019.75 906.40 101.28 11.733
85 1037.80 910.80 102.98 11.873
86 1055.85 915.30 104.68 12.013
87 1073.90 920.10 106.18 12.154
88 1091.95 925.30 107.38 12.295
89 1110.00 932.00 108.78 12.447
90 1128.05 938.30 109.78 12.593
91 1146.10 943.60 110.48 12.733
21.7 63.1 15.2 0.3 78.5
21.6 63.2 15.2 0.2 78.5
21.5 63.3 15.2 0.3 78.5
21.5 63.3 15.2 0.1 78.5
23.6 61.2 15.1 0.4 78.6
22.7 62.2 15.1 0.0 78.6
22.0 62.9 15.1 0.0 78.6
21.8 63.1 15.1 0.0 78.6
21.7 63.2 15.1 0.3 78.6
21.5 63.4 15.1 0.3 78.6
PAS-8S with 300 mg/L FLOOCN 4800
20.8 64.1 15.1 0.2 78.6
20.2 64.7 15.1 0.0 78.6
19.6 65.3 15.1 0.0 78.6
18.8 66.1 15.1 0.0 78.6
18.0 66.9 15.1 0.2 78.6
17.0 67.9 15.1 0.2 78.6
16.0 68.9 15.1 0.0 78.6
15.0 69.9 15.1 0.0 78.6
14.7 70.2 15.1 0.0 78.6
13.9 71.0 15.1 1.1 78.7
14.1 70.8 15.1 0.5 78.7
14.3 70.7 15.0 0.8 78.7
14.5 70.5 14.9 2.3 78.9
14.7 70.7 14.7 7.9 79.3
15.3 70.6 14.0 15.3 80.2
15.4 71.5 13.1 26.2 81.5
15.5 72.4 12.0 28.6 82.9
15.6 73.4 11.1 27.9 84.3
15.7 74.3 10.1 27.4 85.7
15.8 75.0 9.2 23.8 87.0
16.0 75.5 8.5 18.8 87.9
17.2 75.1 7.7 17.3 89.1
17.9 74.9 7.1 13.7 89.9
17.9 75.4 6.7 11.7 90.5
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Table B3, page 4
-------- Cumulative— Gas water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas water Oil IV %FV %rv %IV % %Soi
AIR at 23.37 ft/day plus 1.0% BIOTERGE PAS-8S with 300 mg/L FLOOCN 4800
at 7.82 ft/day
92 1164.15 949.00 111.08 12.872 17.9 75.7 6.4 10.0 91.0
93 1182.20 954.40 111.58 13.010 17.8 76.1 6.1 8.5 91.4
94 1200.25 959.90 112.08 13.149 17.8 76.4 5.8 8.3 91.8
95 1218.30 965.60 112.38 13.289 17.8 76.6 5.6 5.0 92.0
96 1236.35 971.30 112.68 13.428 17.7 76.8 5.5 5.0 92.3
97 1254.40 976.70 113.08 13.566 17.6 77.2 5.2 6.9 92.6
98 1272.45 982.40 113.38 13.705 17.6 77.4 5.0 5.0 92.9
99 1290.50 987.90 113.53 13.842 17.4 77.7 5.0 2.7 93.0
100 1308.55 993.80 113.63 13.981 17.3 77.8 4.9 1.7 93.1
101 1326.60 999.90 113.68 14.121 17.4 77.7 4.9 0.8 93.1
102 1344.65 1006.30 113.70 14.263 17.6 77.5 4.9 0.3 93.1
103 1362.70 1012.60 113.75 14.404 17.8 77.4 4.8 0.8 93.2
104 1380.75 1018.60 113.80 14.544 17.8 77.4 4.8 0.8 93.2
105 1398.80 1024.90 113.84 14.685 18.0 77.2 4.8 0.6 93.2
106 1416.85 1031.00 113.86 14.825 18.0 77.2 4.8 0.3 93.3
107 1434.90 1037.20 113.91 14.965 18.1 77.1 4.7 0.8 93.3
AIR at 23.37 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
108 1456.90 1044.10 113.96 15.133 18.3 77.0 4.7 0.7 93.3
109 1478.90 1050.50 113.98 15.297 18.1 77.2 4.7 0.3 93.3
110 1500.90 1056.40 113.99 15.459 17.7 77.6 4.7 0.2 93.4
SHOT IN F3R 15 HOURS
111 1500.90 1056.40 113.99 15.459 17.7 77.6 4.7 0.2 93.4
AIR at 23.37 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
112 1522.90 1073.90 114.04 15.688 24.0 71.3 4.7 0.3 93.4
113 1544.90 1080.00 114.04 15.850 23.7 71.7 4.7 0.0 93.4
114 1566.90 1084.90 114.04 16.006 22.6 72.7 4.7 0.0 93.4
115 1588.90 1090.90 114.05 16.168 22.2 73.1 4.7 0.2 93.4
116 1610.90 1097.40 114.06 16.333 22.1 73.2 4.7 0.2 93.4
117 1632.90 1103.90 114.06 16.498 22.0 73.3 4.7 0.0 93.4
118 1654.90 1110.30 114.06 16.662 21.9 73.5 4.7 0.0 93.4
119 1676.90 1116.70 114.08 16.827 21.7 73.6 4.6 0.3 93.4
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Table B3, page 5
—  Curmlative— Gas water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil EV %EV %rv %rv % %Soi
AIR at 23.37 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
120 1698.90 1123.20 114.12 16.992 21.6 73.7 4.6 0.6 93.5
121 1720.90 1129.40 114.14 17.155 21.4 74.0 4.6 0.3 93.5
122 1742.90 1135.30 114.15 17.317 20.9 74.5 4.6 0.2 93.5
123 1764.90 1141.60 114.16 17.481 20.7 74.7 4.6 0.2 93.5
124 1786.90 1148.00 114.16 17.645 20.6 74.8 4.6 0.0 93.5
125 1808.90 1153.90 114.16 17.806 20.1 75.3 4.6 0.0 93.5
126 1830.90 1159.70 114.16 17.967 19.6 75.8 4.6 0.0 93.5
127 1852.90 1165.60 114.16 18.129 19.1 76.3 4.6 0.0 93.5
128 1874.90 1171.40 114.16 18.290 18.6 76.8 4.6 0.0 93.5
129 1896.90 1177.40 114.16 18.452 18.2 77.2 4.6 0.0 93.5
130 1918.90 1184.20 114.16 18.618 18.3 77.1 4.6 0.0 93.5
AIR at 31.16 ft/day
131 1943.36 1189.20 114.16 18.789 21.2 74.2 4.6 0.0 93.5
132 1967.82 1193.20 114.16 18.954 23.5 71.9 4.6 0.0 93.5
133 1992.28 1196.70 114.16 19.115 25.5 69.9 4.6 0.0 93.5
134 2016.74 1199.60 114.16 19.274 27.2 68.2 4.6 0.0 93.5
135 2041.20 1202.00 114.16 19.429 28.6 66.8 4.6 0.0 93.5
136 2065.66 1203.90 114.16 19.582 29.7 65.7 4.6 0.0 93.5
137 2090.12 1205.10 114.16 19.730 30.4 65.0 4.6 0.0 93.5
138 2114.58 1206.10 114.16 19.878 31.0 64.4 4.6 0.0 93.5
139 2139.04 1207.10 114.16 20.025 31.6 63.8 4.6 0.0 93.5
140 2163.50 1208.10 114.16 20.172 32.1 63.3 4.6 0.0 93.5
141 2187.96 1208.90 114.16 20.318 32.6 62.8 4.6 0.0 93.5
142 2212.42 1209.30 114.16 20.462 32.8 62.6 4.6 0.0 93.5
143 2236.88 1209.90 114.16 20.607 33.2 62.2 4.6 0.0 93.5
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Table B.4 Thesis Sandpack 5: Incremental Fluid
Production and Cumulative Saturation





















AIR at 216.5 ft/day (Injected Horizontally)
1 22.90 19.60 0.00 0.245 11.3 88.7 0.0 0.0 0.0
2 45.80 32.40 0.00 0.451 18.7 81.3 0.0 0.0 0.0
3 68.70 34.40 0.00 0.594 19.8 80.2 0.0 0.0 0.0
4 91.60 35.80 0.00 0.734 20.6 79.4 0.0 0.0 0.0
5 114.50 36.10 0.00 0.868 20.8 79.2 0.0 0.0 0.0
6 137.40 36.50 0.00 1.002 21.0 79.0 0.0 0.0 0.0
7 160.30 36.90 0.00 1.137 21.3 78.7 0.0 0.0 0.0
8 183.20 37.30 0.00 1.271 21.5 78.5 0.0 > 0.0 0.0
9 206.10 37.70 0.00 1.405 21.7 78.3 0.0 0.0 0.0
10 229.00 38.70 0.00 1.543 22.3 77.7 0.0 0.0 0.0
11 251.90 39.30 0.00 1.678 22.7 77.3 0.0 0.0 0.0
12 274.80 39.35 0.00 1.811 22.7 77.3 0.0 0.0 0.0
13 297.70 39.35 0.00 1.943 22.7 77.3 0.0 0.0 0.0
14 320.60 39.35 0.00 2.075 22.7 77.3 0.0 0.0 0.0
SHUT IN OVERNIGHT
15 320.60 39.35 0.00 2.075 22.7 77.3 0.0 0.0 0.0
AIR at 216.5 ft/day |(InjectedVertically fran the TtepDown)
16 343.50 40.85 0.00 2.215 23.5 76.5 0.0 0.0 0.0
17 366.40 42.95 0.00 2.359 24.8 75.2 0.0 0.0 0.0
18 389.30 45.10 0.00 2.504 26.0 74.0 0.0 0.0 0.0
19 412.20 46.80 0.00 2.646 27.0 73.0 0.0 0.0 0.0
20 435.10 48.10 0.00 2.785 27.7 72.3 0.0 0.0 0.0
21 458.00 49.10 0.00 2.923 28.3 71.7 0.0 0.0 0.0
22 480.90 49.95 0.00 3.060 28.8 71.2 0.0 0.0 0.0
23 503.80 50.80 0.00 3.197 29.3 70.7 0.0 0.0 0.0
24 526.70 51.25 0.00 3.331 29.5 70.5 0.0 0.0 0.0
25 549.60 51.85 0.00 3.467 29.9 70.1 0.0 0.0 0.0
26 572.50 52.65 0.00 3.603 30.3 69.7 0.0 0.0 0.0
27 595.40 52.65 0.00 3.735 30.3 69.7 0.0 0.0 0.0
28 618.30 52.65 0.00 3.867 30.3 69.7 0.0 0.0 0.0
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'Table B4, page 2
Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Pec.
No. Gas Water Oil IV %IV %FV %FV % %Soi
AIR at 216.5 ft/day (InjectedVertically from the Tcp Down)
29 641.20 52.65 0.00 3.999 30.3 69.7 0.0 0.0 0.0
30 664.10 52.65 0.00 4.131 30.3 69.7 0.0 0.0 0.0
31 687.00 52.65 0.00 4.263 30.3 69.7 0.0 0.0 0.0
32 709.90 52.85 0.00 4.396 30.5 69.5 0.0 0.0 0.0
33 732.80 52.95 0.00 4.529 30.5 69.5 0.0 0.0 0.0
34 755.70 53.00 0.00 4.661 30.5 69.5 0.0 0.0 0.0
SHUT IN OVERNIGHT
35 755.70 54.50 0.00 4.670 31.4 68.6 0.0 0.0 0.0
AIR at 216.5 ft/day (InjectedVertically from the Top Down)
36 778.60 56.50 0.00 4.813 32.6 67.4 0.0 0.0 0.0
37 801.50 58.60 0.00 4.957 33.8 66.2 0.0 0.0 0.0
38 824.40 60.20 0.00 5.099 34.7 65.3 0.0 0.0 0.0
39 847.30 61.50 0.00 5.238 35.4 64.6 0.0 0.0 0.0
40 870.20 62.50 0.00 5.376 36.0 64.0 0.0 0.0 0.0
41 893.10 63.30 0.00 5.512 36.5 63.5 0.0 0.0 0.0
42 916.00 64.10 0.00 5.649 36.9 63.1 0.0 0.0 0.0
43 938.90 64.50 0.00 5.783 37.2 62.8 0.0 0.0 0.0
44 961.80 65.10 0.00 5.919 37.5 62.5 0.0 0.0 0.0
45 984.70 65.80 0.00 6.055 37.9 62.1 0.0 0.0 0.0
46 1007.60 65.80 0.00 6.187 37.9 62.1 0.0 0.0 0.0
47 1030.50 65.80 0.00 6.319 37.9 62.1 0.0 0.0 0.0
48 1053.40 65.80 0.00 6.451 37.9 62.1 0.0 0.0 0.0
49 1076.30 65.80 0.00 6.583 37.9 62.1 0.0 0.0 0.0
50 1099.20 66.00 0.00 6.716 38.0 62.0 0.0 0.0 0.0
51 1122.10 66.00 0.00 6.848 38.0 62.0 0.0 0.0 0.0
52 1145.00 66.00 0.00 6.980 38.0 62.0 0.0 0.0 0.0
53 1167.90 66.00 0.00 7.112 38.0 62.0 0.0 0.0 0.0
54 1190.80 66.00 0.00 7.244 38.0 62.0 0.0 0.0 0.0
55 1213.70 66.00 0.00 7.376 38.0 62.0 0.0 0.0' 0.0
56 1236.60 66.00 0.00 7.508 38.0 62.0 0.0 0.0 0.0
57 1259.50 66.00 0.00 7.640 38.0 62.0 0.0 0.0 0.0
58 1282.40 66.00 0.00 7.772 38.0 62.0 0.0 0.0 0.059 1305.30 66.00 0.00 7.904 38.0 62.0 0.0 0.0 0.0
60 1328.20 66.60 0.00 8.039 38.4 61.6 0.0 0.0 0.0
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Table B4, page 3
-------- Cumulative— Gas water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. CXrt Rbc.
No. Gas water Oil FV %pv %rv %rv % %Soi
AIR at 30.89 ft/day (Injected Vertically from the Tcp Down)
61 1351.10 67.00 0.00 8.173 38.6 61.4 0.0 0.0 0.0
62 1375.60 67.10 0.00 8.315 38.7 61.3 0.0 0.0 0.0
63 1400.10 67.10 0.00 8.456 38.7 61.3 0.0 0.0 0.0
64 1424.60 67.10 0.00 8.598 38.7 61.3 0.0 0.0 0.0
65 1449.10 67.10 0.00 8.739 38.7 61.3 0.0 0.0 0.0
66 1473.60 67.10 0.00 8.880 38.7 61.3 0.0 0.0 0.0
67 1498.10 67.10 0.00 9.021 38.7 61.3 0.0 0.0 0.0
68 1522.60 67.10 0.00 9.163 38.7 61.3 0.0 0.0 0.0
AIR at 23.11 ft/day plus 1.0% BIOTERGE PAS 8S with 300 mq/L FLDOCN 4800 
at 7.78 ft/day (Injected Vertically from the Tcp Dcwn)
69 1547.10 67.10 0.00 9.304 38.7 61.3 0.0 0.0 0.0
70 1571.60 67.10 0.00 9.445 35.8 64.2 0.0 0.0 0.0
71 1596.10 67.10 0.00 9.586 32.9 67.1 0.0 0.0 0.0
72 1620.60 72.20 0.00 9.757 33.0 67.0 0.0 0.0 0.0
MR at 23.11 ft/day plus 1.0% BIOTERGE PAS 8S with 300 
at 7.78 ft/day (Injected Horizontally)
irg/LFEOCCN 4800
73 1645.10 74.70 0.00 9.912 31.5 68.5 0.0 0.0 0.0
74 1645.10 74.70 0.00 9.912 31.5 68.5 0.0 0.0 0.0
75 1669.60 80.00 0.00 10.084 30.5 69.5 0.0 0.0 0.0
76 1694.10 85.00 0.00 10.254 29.4 70.6 0.0 0.0 0.0
77 1718.60 91.10 0.00 10.431 28.8 71.2 0.0 0.0 0.0
78 1743.10 97.10 0.00 10.606 28.2 71.8 0.0 0.0 0.0
3ack the Pressure T.-iraa 
Ls measured
with Sand so that only the Wetting Ifcase Pressure
79 1767.60 103.20 0.00 10.783 27.7 72.3 0.0 0.0 0.0
80 1792.10 109.60 0.00 10.961 27.8 72.2 0.0 0.0 0.0
81 1816.60 117.50 0.00 11.148 28.8 71.2 0.0 0.0 0.0
82 1841.10 121.80 0.00 11.314 27.8 72.2 0.0 0.0 0.0
83 1865.60 126.20 0.00 11.480 26.7 73.3 0.0 0.0 0.0
84 1890.10 131.60 0.00 11.652 26.3 73.7 0.0 0.0 0.0
85 1914.60 137.30 0.00 11.827 26.0 74.0 0.0 0.0 0.0
86 1939.10 143.30 0.00 12.002 26.0 74.0 0.0 0.0 0.0
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Table B4, page 4
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil IV %IV %IV %IV % %Soi
AIR at 23.11 ft/day plus 1.0% BIOTERGE PAS 8S with 300 mg/L FLOOCN 4800
at 7.78 ft/day (Injected Horizontally)
87 1963.60 149.40 0.00 12.179 25.9 74.1 0.0 0.0 0.0
88 1988.10 155.50 0.00 12.355 25.9 74.1 0.0 0.0 0.0
Weak Foam Production Observed
89 2012.60 161.00 0.00 12.528 25.5 74.5 0.0 0.0 0.0
90 2037.10 167.40 0.00 12.706 25.6 74.4 0.0 0.0 0.0
91 2061.60 172.60 0.00 12.877 25.1 74.9 0.0 0.0 0.0
92 2086.10 178.50 0.00 13.052 24.9 75.1 0.0 0.0 0.0
93 2110.60 184.80 0.00 13.230 25.0 75.0 0.0 0.0 0.0
94 2135.10 191.40 0.00 13.409 25.3 74.7 0.0 , 0.0 0.0
95 2159.60 197.60 0.00 13.586 25.3 74.7 0.0 0.0 0.0
96 2184.10 203.40 0.00 13.761 25.1 74.9 0.0 0.0 0.0
97 2208.60 209.20 0.00 13.935 24.9 75.1 0.0 0.0 0.0
98 2233.10 215.40 0.00 14.112 24.9 75.1 0.0 0.0 0.0
Adjustments in Electronics then continue
99 2233.10 221.80 0.00 14.149 24.6 75.4 0.0 0.0 0.0
100 2257.60 231.50 0.00 14.346 25.8 74.2 0.0 0.0 0.0
101 2282.10 238.80 0.00 14.530 25.5 74.5 0.0 0.0 0.0
102 2306.60 242.00 0.00 14.689 22.9 77.1 0.0 0.0 0.0
Further adjustments in Electronics (Fraction Collector is left on)
103 2331.10 247.90 0.00 14.865 21.8 78.2 0.0 0.0 0.0
104 2331.10 254.30 0.00 14.901 25.5 74.5 0.0 0.0 0.0
105 2331.10 258.10 0.00 14.923 27.7 72.3 0.0 0.0 0.0
106 2331.10 258.30 0.00 14.924 27.8 72.2 0.0 0.0 0.0
107 2331.10 260.50 0.00 14.937 29.1 70.9 0.0 0.0 0.0
AIR at 23.11 ft/day plus 1.0% BIOTERGE PAS 8S with 300 mg/L FLOOCN 4800
at 7.78 ft/day (Injected Horizontally)
108 2355.24 269.60 0.00 15.129 30.4 69.6 0.0 0.0 0.0
109 2379.38 275.90 0.00 15.304 30.2 69.8 0.0 0.0 0.0
110 2403.52 281.90 0.00 15.478 29.8 70.2 0.0 0.0 0.0
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Table B4, page 5
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Bee.
No. Gas Water Oil FV %FV %TV %EV % %Soi
AIR at 23.11 ft/day plus 1.0% BIOTERGE EAS 8S 
at 7.78 ft/day (Injected Horizontally)
with 300 oo00
111 2427.66 287.90 0.00 15.652 29.4 70.6 0.0 0.0 0.0
112 2451.80 294.10 0.00 15.827 29.1 70.9 0.0 0.0 0.0
113 2475.94 300.20 0.00 16.001 28.8 71.2 0.0 0.0 0.0
114 2500.08 307.40 0.00 16.181 29.1 70.9 0.0 0.0 0.0
115 2524.22 314.20 0.00 16.360 29.1 70.9 0.0 0.0 0.0
116 2548.36 320.70 0.00 16.536 29.0 71.0 0.0 0.0 0.0
117 2572.50 326.90 0.00 16.711 28.7 71.3 0.0 0.0 0.0
118 2596.64 333.00 0.00 16.886 28.4 71.6 0.0 0.0 0.0
119 2620.78 339.30 0.00 17.061 28.1 71.9 0.0 0.0 0.0120 2644.92 345.60 0.00 17.236 27.9 72.1 0.0 0.0 0.0
121 2669.06 351.80 0.00 17.411 27.6 72.4 0.0 0.0 0.0
122 2693.20 358.10 0.00 17.587 27.4 72.6 0.0 0.0 0.0
123 2717.34 364.00 0.00 17.760 26.9 73.1 0.0 0.0 0.0
124 2741.48 370.10 0.00 17.934 26.6 73.4 0.0 0.0 0.0
125 2765.62 376.40 0.00 18.110 26.4 73.6 0.0 0.0 0.0
126 2789.76 382.70 0.00 18.285 26.1 73.9 0.0 0.0 0.0
127 2813.90 388.90 0.00 18.460 25.8 74.2 0.0 0.0 0.0
AIR at 23.11 ft/day plus WATER at 7.78 ft/day (Injected Horizontally)
128 2838.04 394.70 0.00 18.633 25.3 74.7 0.0 0.0 0.0
129 2862.18 405.30 0.00 18.833 27.7 72.3 0.0 0.0 0.0
130 2886.32 412.70 0.00 19.015 28.3 71.7 0.0 0.0 0.0
131 2910.46 420.50 0.00 19.199 29.1 70.9 0.0 0.0 0.0
132 2934.60 427.10 0.00 19.376 29.2 70.8 0.0 0.0 0.0
133 2958.74 433.30 0.00 19.551 29.0 71.0 0.0 0.0 0.0
134 2982.88 439.70 0.00 19.727 29.0 71.0 0.0 0.0 0.0
135 3007.02 445.70 0.00 19.900 28.8 71.2 0.0 0.0 0.0
136 3031.16 452.10 0.00 20.076 28.8 71.2 0.0 0.0 0.0
137 3055.30 457.20 0.00 20.245 28.0 72.0 0.0 0.0 0.0
138 3079.44 460.20 0.00 20.401 26.0 74.0 0.0 0.0 0.0
139 3103.58 467.10 0.00 20.580 26.3 73.7 0.0 0.0 0.0
140 3127.72 473.80 0.00 20.758 26.4 73.6 0.0 0.0 0.0
141 3151.86 480.60 0.00 20.936 26.7 73.3 0.0 0.0 0.0
142 3176.00 487.30 0.00 21.114 26.8 73.2 0.0 0.0 0.0
143 3200.14 489.00 0.00 21.263 24.1 75.9 0.0 0.0 0.0
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Table B.5 Thesis Sandpack 6: Incremental Fluid
Production and Cumulative Saturation
Table B5, page 1
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas Water Oil rv %IV %IV %PV % %Soi
AIR at 217.1 ft/day (injected from the tcp down)
1 20.90 15.60 0.00 0.206 8.8 91.2 0.0 0.0 0.0
2 41.80 35.80 0.00 0.437 20.2 79.8 0.0 0.0 0.0
3 62.70 43.80 0.00 0.600 24.7 75.3 0.0 0.0 0.0
4 83.60 45.50 0.00 0.728 25.6 74.4 0.0 0.0 0.0
5 104.50 46.90 0.00 0.853 26.4 73.6 0.0 0.0 0.0
6 125.40 48.00 0.00 0.977 27.1 72.9 0.0 0.0 0.0
7 146.30 49.00 0.00 1.101 27.6 72.4 0.0 0.0 0.0
8 167.20 50.00 0.00 1.224 28.2 71.8 0.0 0.0 0.0
9 188.10 50.80 0.00 1.347 28.6 71.4 0.0 0.0 0.0
10 209.00 51.50 0.00 1.468 29.0 71.0 0.0 0.0 0.0
AIR at 1,513 ft/day (injected from the tcp down)
11 229.90 64.80 0.00 1.661 36.5 63.5 0.0 0.0 0.0
12 389.90 68.70 0.00 2.585 38.7 61.3 0.0 0.0 0.0
13 549.90 70.90 0.00 3.499 40.0 60.0 0.0 0.0 0.0
14 709.90 72.30 0.00 4.409 40.8 59.2 0.0 0.0 0.0
15 869.90 73.70 0.00 5.319 41.5 58.5 0.0 0.0 0.0
AIR at 2,648 ft/day (injected from the tcp down)
16 1149.90 77.30 0.00 6.918 43.6 56.4 0.0 0.0 0.0
17 1429.90 78.70 0.00 8.504 44.4 55.6 0.0 0.0 0.0
18 1709.90 80.00 0.00 10.090 45.1 54.9 0.0 0.0 0.0
19 1989.90 80.80 0.00 11.672 45.5 54.5 0.0 0.0 0.0
20 2269.90 81.60 0.00 13.255 46.0 54.0 0.0 0.0 0.0
SHOT IN OVERNIGHT
21 2269.90 81.60 0.00 13.255 46.0 54.0 0.0 0.0 0.0
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Table B5, page 2
------- Qimil ative— Gas water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut F b c .
No. Gas Water Oil IV %FV %IV %FV % %Soi
AIR at 38.8 ft/day (injected from the tcp down)
22 2549.90 85.10 0.00 14.853 48.0 52.0 0.0 0.0 0.0
23 2829.90 86.00 0.00 16.437 48.5 51.5 0.0 0.0 0.0
24 3109.90 86.60 0.00 18.019 48.8 51.2 0.0 0.0 0.0
25 3389.90 86.60 0.00 19.597 48.8 51.2 0.0 0.0 0.0
AIR at 30.46 ft/day plus 1.0% BIOTERGE PAS 8S + 300 mg/L FLOOCN 4800 at
7.62 ft/day (injected tram the tcp down)
26 3424.05 86.60 0.00 19.789 44.2 55.8 0.0 0.0 0.0
27 3458.20 86.60 0.00 19.982 39.6 60.4 0.0 0.0 0.0
28 3492.35 86.60 0.00 20.174 34.9 65.1 0.0 0.0 0.0
29 3526.50 86.60 0.00 20.367 30.3 69.7 0.0 0.0 0.0
30 3560.65 90.60 0.00 20.582 27.9 72.1 0.0 0.0 0.0
31 3594.80 98.60 0.00 20.820 27.8 72.2 0.0 0.0 0.0
32 3628.95 105.40 0.00 21.050 27.0 73.0 0.0 0.0 0.0
33 3663.10 112.20 0.00 21.281 26.2 73.8 0.0 0.0 0.0
34 3697.25 123.70 0.00 21.539 28.1 71.9 0.0 0.0 0.0
35 3731.40 132.20 0.00 21.779 28.2 71.8 0.0 0.0 0.0
36 3765.55 140.60 0.00 22.019 28.3 71.7 0.0 0.0 0.0
37 3799.70 148.80 0.00 22.258 28.3 71.7 0.0 0.0 0.0
38 3833.85 156.80 0.00 22.495 28.2 71.8 0.0 0.0 0.0
39 3868.00 164.30 0.00 22.730 27.8 72.2 0.0 0.0 0.0
40 3902.15 171.80 0.00 22.965 27.4 72.6 0.0 0.0 0.0
41 3936.30 179.20 0.00 23.199 27.0 73.0 0.0 0.0 0.0
42 3970.45 188.20 0.00 23.442 27.4 72.6 0.0 0.0 0.0
43 4004.60 196.10 0.00 23.679 27.2 72.8 0.0 0.0 0.0
44 4038.75 202.30 0.00 23.907 26.1 73.9 0.0 0.0 0.0
45 4072.90 209.10 0.00 24.138 25.3 74.7 0.0 0.0 0.0
46 4107.05 215.40 0.00 24.366 24.2 75.8 0.0 0.0 0.0
47 4141.20 220.90 0.00 24.589 22.7 77.3 0.0 0.0 0.0
48 4175.35 227.50 0.00 24.819 21.8 78.2 0.0 0.0 0.0
49 4209.50 232.20 0.00 25.038 19.8 80.2 0.0 0.0 0.0
50 4243.65 240.80 0.00 25.279 20.0 80.0 0.0 0.0 0.0
51 4277.80 251.10 0.00 25.529 21.2 78.8 0.0 0.0 0.0
52 4311.95 258.30 0.00 25.762 20.6 79.4 0.0 0.0 0.0
53 4346.10 266.00 0.00 25.998 20.4 79.6 0.0 0.0 0.0
54 4380.25 273.80 0.00 26.235 20.1 79.9 0.0 0.0 0.0
55 4414.40 282.00 0.00 26.474 20.1 79.9 0.0 0.0 0.0
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Table B5, page 3
Qmilative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Pec.
No. Gas Vfeter Oil rv %FV %EV %PV % %Soi
AIR at 30.46 ft/day plus 1.0% BIOTERGE PAS 8S 
7.62 ft/day (injected from the top down)
+ 300 mg/L FLOOCN 4800 at
56 4448.55 290.20 0.00 26.712 20.1 79.9 0.0 0.0 0.0
57 4482.70 298.50 0.00 26.952 20.2 79.8 0.0 0.0 0.0
58 4516.85 307.10 0.00 27.193 20.4 79.6 0.0 0.0 0.0
59 4551.00 315.40 0.00 27.432 20.4 79.6 0.0 0.0 0.0
60 4585.15 323.50 0.00 27.670 20.4 79.6 0.0 0.0 0.0
61 4619.30 331.70 0.00 27.909 20.4 79.6 0.0 0.0 0.0
62 4653.45 340.00 0.00 28.148 20.4 79.6 0.0 0.0 0.0
63 4687.60 348.40 0.00 28.388 20.5 79.5 0.0 0.0 0.0
64 4721.75 356.80 0.00 28.628 20.6 79.4 0.0 0.0 0.0
65 4755.90 365.00 0.00 28.866 20.6 79.4 0.0 0.0 0.0
66 4790.05 373.20 0.00 29.105 20.6 79.4 0.0 0.0 0.0
AIR at 60.92 ft/day plus 1.0% 
15.23 ft/day (injected from
BIOTERGE PAS 8S 
the tcp dcwn)
+ 300 mg/L FLOOCN 4800 at
67 4824.20 381.60 0.00 29.345 20.7 79.3 0.0 0.0 0.0
68 4858.85 386.90 0.00 29.570 19.1 80.9 0.0 0.0 0.0
69 4893.50 392.70 0.00 29.798 17.7 82.3 0.0 0.0 0.0
70 4928.15 401.30 0.00 30.042 18.0 82.0 0.0 0.0 0.0
71 4962.80 408.90 0.00 30.280 17.6 82.4 0.0 0.0 0.0
72 4997.45 418.00 0.00 30.527 18.1 81.9 0.0 0.0 0.0
73 5032.10 426.90 0.00 30.772 18.5 81.5 0.0 0.0 0.0
74 5066.75 435.40 0.00 31.016 18.7 81.3 0.0 0.0 0.0
75 5101.40 444.10 0.00 31.260 18.9 81.1 0.0 0.0 0.0
76 5136.05 452.90 0.00 31.505 19.3 80.7 0.0 0.0 0.0
77 5170.70 462.60 0.00 31.755 20.1 79.9 0.0 0.0 0.0
78 5205.35 472.90 0.00 32.008 21.3 78.7 0.0 0.0 0.0
79 5240.00 481.60 0.00 32.253 21.6 78.4 0.0 0.0 0.0
80 5274.65 490.20 0.00 32.496 21.8 78.2 0.0 0.0 0.0
81 5309.30 499.90 0.00 32.746 22.6 77.4 0.0 0.0 0.0
82 5343.95 508.20 0.00 32.988 22.7 77.3 0.0 0.0 0.0
83 5378.60 517.00 0.00 33.233 23.0 77.0 0.0 0.0 0.0
84 5413.25 524.70 0.00 33.472 22.7 77.3 0.0 0.0 0.0
85 5447.90 532.50 0.00 33.711 22.5 77.5 0.0 0.0 0.0
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Table B5, page 4
---  Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas Water Oil W %EV %rv %EV % %Soi
AIR at 76.2 ft/day
86 5490.45 540.30 0.00 33.995
87 5533.00 548.50 0.00 34.281
88 5575.55 551.00 0.00 34.535
89 5618.10 552.30 0.00 34.782
90 5660.65 555.40 0.00 35.040
91 5703.20 557.80 0.00 35.293
92 5745.75 559.40 0.00 35.542
93 5788.30 560.70 0.00 35.789
94 5830.85 562.00 0.00 36.036
95 5873.40 563.10 0.00 36.282
AIR at 283.7 ft/day
96 5903.40 563.20 0.00 36.452
97 5933.40 565.70 0.00 36.635
98 5963.40 567.10 0.00 36.812
99 5993.40 568.40 0.00 36.989
100 6023.40 569.50 0.00 37.164
101 6053.40 570.50 0.00 37.339
102 6083.40 571.30 0.00 37.512
103 6113.40 571.60 0.00 37.683
104 6143.40 572.10 0.00 37.855
105 6173.40 572.40 0.00 38.026
106 6203.40 572.80 0.00 38.197
107 6233.40 573.20 0.00 38.369
108 6263.40 573.50 0.00 38.539
109 6293.40 573.80 0.00 38.710
26.9 73.1 0.0 0.0 0.0
31.5 68.5 0.0 0.0 0.0
32.9 67.1 0.0 0.0 0.0
33.7 66.3 0.0 0.0 0.0
35.4 64.6 0.0 0.0 0.0
36.8 63.2 0.0 0.0 0.0
37.7 62.3 0.0 0.0 0.0
38.4 61.6 0.0 0.0 0.0
39.1 60.9 0.0 0.0 0.0
39.7 60.3 0.0 0.0 0.0
39.8 60.2 0.0 0.0 0.0
41.2 58.8 0.0 0.0 0.0
42.0 58.0 0.0 0.0 0.0
42.7 57.3 0.0 0.0 0.0
43.3 56.7 0.0 0.0 0.0
43.9 56.1 0.0 0.0 0.0
44.4 55.6 0.0 0.0 0.0
44.5 55.5 0.0 0.0 0.0
44.8 55.2 0.0 0.0 0.0
45.0 55.0 0.0 0.0 0.0
45.2 54.8 0.0 0.0 0.0
45.4 54.6 0.0 0.0 0.0
45.6 54.4 0.0 0.0 0.0
45.8 54.2 0.0 0.0 0.0
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Table B.6 Thesis Sandpack 8: Incremental Fluid
Production and Cumulative Saturation





















CE-ICNIZED WATER at 31.28 ft/day (injected vertically from the bottom up)
1 0.00 0.00 6.00 0.035 0.0 17.1 82.9 100.0 4.1
2 0.00 0.00 15.65 0.092 0.0 22.8 77.2 100.0 10.6
3 0.00 0.10 25.45 0.150 0.0 28.5 71.5 99.0 17.3
4 0.00 0.20 35.25 0.208 0.0 34.3 65.7 99.0 23.9
5 0.00 3.40 42.65 0.270 0.0 38.6 61.4 69.8 29.0
6 0.00 8.90 47.35 0.330 0.0 41.4 58.6 46.1 32.2
7 0.00 15.70 50.75 0.390 0.0 43.4 56.6 33.3 34.5
8 0.00 22.80 53.65 0.449 0.0 45.1 54.9 29.0 36.4
9 0.00 30.40 56.15 0.508 0.0 46.5 53.5 24.8 38.1
10 0.00 38.00 58.45 0.566 0.0 47.9 52.1 23.2 39.7
11 0.00 45.80 60.65 0.625 0.0 49.2 50.8 22.0 41.2
12 0.00 54.00 62.55 0.684 0.0 50.3 49.7 18.8 42.5
13 0.00 62.30 64.15 0.743 0.0 51.2 48.8 16.2 43.6
14 0.00 70.60 65.45 0.799 0.0 52.0 48.0 13.5 44.5
15 0.00 79.00 66.65 0.855 0.0 52.7 47.3 12.5 45.3
16 0.00 88.00 67.75 0.915 0.0 53.3 46.7 10.9 46.0
17 0.00 97.00 68.55 0.972 0.0 53.8 46.2 8.2 46.6
18 0.00 106.10 69.45 1.031 0.0 54.3 45.7 9.0 47.2
19 0.00 115.20 70.15 1.088 0.0 54.8 45.2 7.1 47.7
20 0.00 124.60 70.75 1.147 0.0 55.1 44.9 6.0 48.1
21 0.00 134.20 71.15 1.206 0.0 55.3 44.7 4.0 48.3
22 0.00 143.20 71.65 1.262 0.0 55.6 44.4 5.3 48.7
23 0.00 152.80 72.05 1.320 0.0 55.9 44.1 4.0 48.9
24 0.00 162.40 72.35 1.378 0.0 56.0 44.0 3.0 49.2
25 0.00 172.00 72.65 1.437 0.0 56.2 43.8 3.0 49.4
26 0.00 181.60 72.85 1.494 0.0 56.3 43.7 2.0 49.5
27 0.00 191.60 73.05 1.554 0.0 56.5 43.5 2.0 49.6
28 0.00 201.20 73.25 1.612 0.0 56.6 43.4 2.0 49.8
29 0.00 211.00 73.35 1.670 0.0 56.6 43.4 1.0 49.8
30 0.00 220.50 73.45 1.726 0.0 56.7 43.3 1.0 49.9
31 0.00 230.55 73.60 1.786 0.0 56.8 43.2 1.5 50.0
32 0.00 240.45 73.70 1.845 0.0 56.8 43.2 1.0 50.1
33 0.00 250.25 73.80 1.903 0.0 56.9 43.1 1.0 50.1
34 0.00 259.65 73.90 1.959 0.0 57.0 43.0 1.1 50.2
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EE-ICNIZED WATER at 31.28 ft/day (injected vertically fncm the bottcm up)
35 0.00 268.10 73.95 2.009 0.0 57.0 43.0 0.6 50.2
AIR at 31.28 ft/day (injected fncm the bottcm up)
36 9.83 271.80 73.95 2.088 2.2 54.8 43.0 0.0 50.2
37 19.66 279.70 74.15 2.193 6.9 50.2 42.9 2.5 50.4
38 29.49 282.20 74.25 2.266 8.5 48.7 42.8 3.8 50.4
AIR at 31.28 ft/day (injected fncm the tcp down)
39 39.32 288.35 74.30 2.360 12.1 45.1 42.8 0.8 50.5
40 49.15 295.85 74.40 2.463 16.6 40.7 42.7 1.3 50.5
41 58.98 298.85 74.50 2.539 18.4 38.9 42.7 3.2 50.6
42 68.81 301.03 74.52 2.609 19.7 37.7 42.7 0.9 50.6
43 78.64 302.61 74.54 2.676 20.6 36.7 42.7 1.2 50.6
44 88.47 303.56 74.59 2.740 21.2 36.2 42.6 5.0 50.7
45 98.30 304.46 74.59 2.803 21.7 35.6 42.6 0.0 50.7
46 108.13 305.14 74.61 2.865 22.1 35.2 42.6 2.9 50.7
47 117.96 305.82 74.63 2.927 22.5 34.8 42.6 2.9 50.7
48 127.79 306.41 74.64 2.988 22.9 34.5 42.6 1.7 50.7
49 226.14 310.91 74.94 3.594 25.7 31.8 42.4 6.3 50.9
50 324.49 313.01 75.29 4.185 27.2 30.6 42.2 14.3 51.1
51 422.84 314.81 75.59 4.775 28.4 29.6 42.0 14.3 51.4
52 521.19 316.21 75.74 5.362 29.3 28.7 42.0 9.7 51.5
53 619.54 317.41 75.84 5.947 30.1 28.0 41.9 7.7 51.5
54 717.89 318.41 75.94 6.531 30.7 27.4 41.8 9.1 51.6
55 816.24 319.36 75.99 7.114 31.3 26.9 41.8 5.0 51.6
56 914.59 320.31 76.04 7.698 31.9 26.3 41.8 5.0 51.7
57 1012.94 321.09 76.06 8.280 32.4 25.9 41.8 2.5 51.7
58 1111.29 321.68 76.07 8.861 32.7 25.5 41.8 1.7 51.7
59 1209.64 322.17 76.08 9.442 33.0 25.2 41.8 2.0 51.7
60 1307.99 322.76 76.09 10.023 33.4 24.9 41.8 1.7 51.7
61 1406.34 323.34 76.11 10.604 33.7 24.6 41.7 3.3 51.7
62 1504.69 323.83 76.12 11.184 34.0 24.3 41.7 2.0 51.7
63 1603.04 324.23 76.12 11.764 34.2 24.0 41.7 0.0 51.7
64 1701.39 324.62 76.13 12.344 34.5 23.8 41.7 2.5 51.7
65 1799.74 325.01 76.14 12.924 34.7 23.6 41.7 2.5 51.7
66 1898.09 325.40 76.15 13.503 34.9 23.3 41.7 2.5 51.7
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Table B6, page 3
--- ----Cumulative— Gas water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas Water Oil IV %IV %IV %IV % %Soi
AIR at 31.28 ft/day (injected fncm the tcp dcwn)
67 1996.44 325.79 76.16 14.083 35.2 23.1 41.7 2.5 51.7
68 2094.79 326.28 76.17 14.664 35.5 22.8 41.7 2.0 51.7
69 2193.14 326.63 76.17 15.243 35.7 22.6 41.7 0.0 51.7
70 2291.49 326.93 76.22 15.823 35.9 22.4 41.7 14.3 51.8
71 2389.84 327.31 76.24 16.403 36.1 22.2 41.7 5.0 51.8
72 2488.19 327.60 76.25 16.982 36.3 22.0 41.7 3.3 51.8
73 2488.19 328.90 76.45 16.991 37.2 21.3 41.5 13.3 51.9
AIR at 23.45 ft/day plus 0.6% AES 1215-7P-2E5 + 0.4% BIOTERGE PAS 8S at
7.82 ft/day (injected fncm the tcp dcwn)
74 2517.71 330.40 76.45 17.173 32.3 26.2 41.5 0.0 51.9
75 2547.23 330.60 76.45 17.348 26.6 31.8 41.5 0.0 51.9
76 2576.75 333.15 76.50 17.536 22.4 36.1 41.5 1.9 52.0
77 2606.27 342.25 76.70 17.764 22.0 36.6 41.4 2.2 52.1
78 2635.79 352.05 77.10 17.997 22.3 36.6 41.2 3.9 52.4
79 2665.31 361.55 77.60 18.229 22.3 36.8 40.9 5.0 52.7
80 2694.83 370.65 77.90 18.458 22.1 37.2 40.7 3.2 52.9
81 2724.35 380.65 78.15 18.691 22.3 37.1 40.5 2.4 53.1
82 2753.87 389.25 78.65 18.918 21.9 37.9 40.3 5.5 53.4
83 2783.39 399.05 79.15 19.152 22.2 37.9 40.0 4.9 53.8
84 2812.91 408.50 79.60 19.383 22.2 38.1 39.7 4.5 54.1
85 2842.43 418.50 80.00 19.618 22.5 38.0 39.5 3.8 54.3
86 2871.95 427.60 80.40 19.847 22.3 38.4 39.2 4.2 54.6
87 2901.47 435.70 80.80 20.070 22.5 38.5 39.0 4.7 54.9
88 2930.99 443.60 81.20 20.292 22.6 38.7 38.8 4.8 55.2
89 2960.51 451.40 81.60 20.514 22.6 38.9 38.5 4.9 55.4
90 2990.03 459.30 82.00 20.736 22.6 39.1 38.3 4.8 55.7
91 3019.55 467.90 82.60 20.963 23.2 38.9 37.9 6.5 56.1
92 3049.07 475.40 83.00 21.183 23.0 39.3 37.7 5.1 56.4
93 3078.59 484.00 83.50 21.410 23.6 39.0 37.4 5.5 56.7
94 3108.11 491.60 83.80 21.630 23.4 39.4 37.2 3.8 56.9
95 3137.63 500.10 84.20 21.855 23.8 39.2 37.0 4.5 57.2
96 3167.15 508.70 84.50 22.081 24.2 39.0 36.8 3.4 57.4
97 3196.67 516.50 84.70 22.301 24.1 39.2 36.7 2.5 57.5
98 3226.19 524.30 85.00 22.522 24.0 39.4 36.5 3.7 57.7
99 3255.71 533.40 85.30 22.750 24.7 38.9 36.3 3.2 57.9
100 3285.23 541.10 85.50 22.970 24.6 39.2 36.2 2.5 58.1
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Table B6, page 4
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil IV %FV %IV %IV % %Soi
AIR at 23.45 ft/day plus 0.6% AES 1215-7P-2ES + 0.4% BIOTERGE PAS 8S at
7.82 ft/day
101 3314.75 549.10 85.70 23.192 24.6 39.3 36.1 2.4 58.2
102 3344.27 557.00 85.90 23.413 24.5 39.5 36.0 2.5 58.4
103 3373.79 565.55 86.15 23.638 24.9 39.3 35.8 2.8 58.5
104 3403.31 574.25 86.35 23.863 25.3 39.0 35.7 2.2 58.7
105 3432.83 582.25 86.55 24.085 25.3 39.1 35.6 2.4 58.8
106 3462.35 589.85 86.75 24.304 25.0 39.5 35.5 2.6 58.9
107 3491.87 598.45 86.95 24.529 25.4 39.2 35.4 2.3 59.1
108 3521.39 606.30 87.10 24.749 25.3 39.4 35.3 1.9 59.2
109 3550.91 614.75 87.25 24.973 25.5 39.3 35.2 1.7 59.3
110 3580.43 622.85 87.45 25.195 25.6 39.4 35.1 2.4 59.4
111 3609.95 630.85 87.55 25.416 25.5 39.5 35.0 1.2 59.5
112 3639.47 639.50 87.70 25.641 25.9 39.2 34.9 1.7 59.6
AIR at 23.45 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
113 3668.99 648.60 87.80 25.868 26.4 38.7 34.9 1.1 59.6
114 3698.51 655.90 87.90 26.085 26.0 39.2 34.8 1.4 59.7
115 3728.03 663.40 88.00 26.303 25.6 39.6 34.8 1.3 59.8
116 3757.55 672.10 88.10 26.528 26.0 39.3 34.7 1.1 59.9
117 3787.07 680.10 88.20 26.749 25.9 39.4 34.6 1.2 59.9
118 3816.59 688.30 88.30 26.971 26.0 39.4 34.6 1.2 60.0
119 3846.11 696.60 88.40 27.194 26.1 39.4 34.5 1.2 60.1
120 3875.63 704.90 88.50 27.417 26.2 39.3 34.5 1.2 60.1
121 3905.15 713.00 88.60 27.638 26.2 39.4 34.4 1.2 60.2
122 3934.67 721.60 88.70 27.862 26.5 39.1 34.4 1.1 60.3
123 3964.19 729.50 88.80 28.083 26.4 39.3 34.3 1.2 60.3
124 3993.71 737.35 88.85 28.302 26.2 39.5 34.3 0.6 60.4
125 4023.23 745.05 88.95 28.522 26.0 39.8 34.2 1.3 60.4
126 4052.75 752.65 89.05 28.740 25.7 40.2 34.1 1.3 60.5
127 4082.27 760.10 89.10 28.958 25.3 40.6 34.1 0.7 60.5
128 4111.79 768.50 89.20 29.181 25.4 40.5 34.1 1.2 60.6
129 4141.31 776.40 89.30 29.401 25.3 40.7 34.0 1.2 60.7
130 4170.83 783.65 89.35 29.617 24.8 41.2 34.0 0.7 60.7
131 4200.35 792.35 89.45 29.842 25.1 40.9 33.9 1.1 60.8
132 4229.87 800.20 89.50 30.062 25.0 41.1 33.9 0.6 60.8
133 4259.39 808.40 89.60 30.284 25.0 41.1 33.8 1.2 60.9
134 4288.91 810.40 89.60 30.469 21.4 44.8 33.8 0.0 60.9
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Table B6, page 4
........Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil IV %IV %PV %FV % %Soi
AIR at 31.28 ft/day
135 4318.43 818.00 89.70 30.688 21.1 45.1 33.8 1.3 60.9
136 4351.21 822.95 89.75 30.910 24.0 42.2 33.7 1.0 61.0
137 4383.99 830.85 89.85 31.149 28.7 37.6 33.7 1.2 61.0
138 4482.29 835.55 89.90 31.754 31.5 34.8 33.6 1.1 61.1
AIR at 31.28 ft/day (injected from the tcp dcwn)
139 4580.59 838.75 89.90 32.350 33.4 33.0 33.6 0.0 61.1
140 4678.89 840.95 90.00 32.941 34.8 31.7 33.6 4.3 61.1
141 4777.19 842.73 90.02 33.529 35.8 30.6 33.6 1.1 61.2
142 4875.49 844.31 90.04 34.115 36.7 29.7 33.6 1.2 61.2
143 4973.79 845.70 90.05 34.701 37.6 28.9 33.6 0.7 61.2
144 5072.09 846.70 90.05 35.284 38.2 28.3 33.6 0.0 61.2
145 5170.39 847.68 90.07 35.867 38.7 27.7 33.5 2.0 61.2
146 5268.69 848.68 90.07 36.450 39.3 27.1 33.5 0.0 61.2
147 5366.99 849.48 90.07 37.032 39.8 26.7 33.5 0.0 61.2
148 5465.29 850.18 90.07 37.613 40.2 26.2 33.5 0.0 61.2
149 5563.59 850.88 90.07 38.195 40.6 25.8 33.5 0.0 61.2
150 5661.89 851.58 90.07 38.776 41.0 25.4 33.5 0.0 61.2
151 5760.19 852.18 90.07 39.357 41.4 25.1 33.5 0.0 61.2
152 5858.49 852.68 90.07 39.937 41.7 24.8 33.5 0.0 61.2
153 5956.79 853.28 90.07 40.518 42.0 24.4 33.5 0.0 61.2
154 6055.09 853.68 90.07 41.097 42.3 24.2 33.5 0.0 61.2
155 6153.39 853.98 90.07 41.676 42.4 24.0 33.5 0.0 61.2
156 6251.69 854.38 90.07 42.256 42.7 23.8 33.5 0.0 61.2
157 6349.99 854.68 90.07 42.835 42.9 23.6 33.5 0.0 61.2
158 6448.29 854.88 90.07 43.413 43.0 23.5 33.5 0.0 61.2
159 6546.59 855.18 90.07 43.992 43.1 23.3 33.5 0.0 61.2
160 6644.89 855.28 90.07 44.570 43.2 23.2 33.5 0.0 61.2
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Table B.7 Thesis Sandpack 9: Incremental Fluid
Production and Cumulative Saturation
Table B7, page 1
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil PV %FV %PV %rv % %Soi
DE-IQNIZED WATER at 31.33 ft/day (injected vertically frcm the bottcm up)
1 0.00 0.00 6.10 0.035 0.0 17.7 82.3 100.0 4.1
2 0.00 0.00 15.90 0.092 0.0 23.3 76.7 100.0 10.7
3 0.00 0.00 25.90 0.150 0.0 29.1 70.9 100.0 17.4
4 0.00 0.00 35.80 0.207 0.0 34.8 65.2 100.0 24.1
5 0.00 0.90 45.10 0.266 0.0 40.2 59.8 91.2 30.3
6 0.00 5.20 50.90 0.324 0.0 43.6 56.4 57.4 34.3
7 0.00 11.50 54.90 0.384 0.0 45.9 54.1 38.8 36.9
8 0.00 18.60 58.80 0.447 0.0 48.1 51.9 , 35.5 39.6
9 0.00 26.10 61.40 0.505 0.0 49.6 50.4 25.7 41.3
10 0.00 34.00 63.60 0.564 0.0 50.9 49.1 21.8 42.8
11 0.00 42.10 65.50 0.622 0.0 52.0 48.0 19.0 44.1
12 0.00 50.10 67.30 0.678 0.0 53.0 47.0 18.4 45.3
13 0.00 58.60 68.60 0.735 0.0 53.8 46.2 13.3 46.2
14 0.00 67.60 69.80 0.794 0.0 54.5 45.5 11.8 47.0
15 0.00 76.50 70.80 0.851 0.0 55.1 44.9 10.1 47.6
16 0.00 85.60 71.70 0.909 0.0 55.6 44.4 9.0 48.3
17 0.00 94.70 72.60 0.966 0.0 56.1 43.9 9.0 48.9
18 0.00 103.80 73.40 1.024 0.0 56.6 43.4 8.1 49.4
19 0.00 112.90 74.10 1.080 0.0 57.0 43.0 7.1 49.9
20 0.00 122.10 74.90 1.138 0.0 57.4 42.6 8.0 50.4
21 0.00 131.80 75.00 1.195 0.0 57.5 42.5 1.0 50.5
22 0.00 141.00 75.60 1.251 0.0 57.8 42.2 6.1 50.9
23 0.00 150.50 76.10 1.309 0.0 58.1 41.9 5.0 51.2
24 0.00 159.70 76.60 1.365 0.0 58.4 41.6 5.2 51.5
25 0.00 169.30 77.05 1.423 0.0 58.7 41.3 4.5 51.9
26 0.00 178.60 77.45 1.479 0.0 58.9 41.1 4.1 52.1
27 0.00 188.50 77.75 1.538 0.0 59.1 40.9 2.9 52.3
28 0.00 197.70 77.75 1.591 0.0 59.1 40.9 0.0 52.3
29 0.00 207.30 77.75 1.647 0.0 59.1 40.9 0.0 52.3
30 0.00 217.10 77.75 1.703 0.0 59.1 40.9 0.0 52.3
31 0.00 226.50 77.75 1.758 0.0 59.1 40.9 0.0 52.3
32 0.00 236.20 77.75 1.814 0.0 59.1 40.9 0.0 52.3
33 0.00 245.90 77.75 1.870 0.0 59.1 40.9 0.0 52.3
34 0.00 255.40 77.95 1.926 0.0 59.2 40.8 2.1 52.5
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Table 67, page 2
------- -Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Pec.
No. Gas water Oil IV %FV %EV %PV % %Soi
EE-ICNIZED WATER at 31.33 ft/day (injected vertically from the bottcm up)
35 0.00 265.20 78.15 1.984
36 0.00 271.20 78.45 2.,020
AIR at 31.33 ft/day
37 9.85 275.20 78.60 2.,101
38 19.70 285.10 78.68 2.,215
39 29.55 293.50 78.68 2.,321
40 39.40 297.50 78.88 2.,402
41 49.25 299.50 78.98 2.471
42 59.10 300.62 79.06 2.535
43 68.95 301.74 79.14 2.,599
44 78.80 302.82 79.16 2.,662
45 88.65 303.81 79.17 2.,725
46 98.50 304.56 79.22 2.786
47 197.00 309.06 79.62 3.383
48 295.50 311.76 79.82 3.969
49 394.00 313.56 80.07 4.550
50 492.50 315.26 80.17 5.130
51 591.00 316.36 80.27 5.706
52 689.50 317.41 80.32 6.281
53 788.00 318.31 80.42 6.856
54 886.50 319.11 80.52 7.430
55 985.00 319.86 80.57 8.004
56 1083.50 320.61 80.62 8.577
57 1182.00 321.16 80.67 9.150
58 1280.50 321.54 80.69 9.721
59 1379.00 321.99 80.74 10.293
60 1477.50 322.34 80.79 10.864
61 1576.00 322.69 80.84 ll-436
62 1674.50 323.04 80.89 lS.007
63 1773.00 323.29 80.94 12.578
64 1871.50 323.55 80.98 13.149
65 1970.00 323.91 81.02 13.720
66 2068.50 324.17 81.06 14.291
67 2167.00 324.53 81.10 14.862
68 2265.50 324.90 81.13 15.433
69 2364.00 325.18 81.15 16.004
0.0 59.3 40.7 2.0 52.6
0.0 59.5 40.5 4.8 52.8
2.4 57.2 40.4 3.6 52.9
8.2 51.4 40.4 0.8 52.9
13.0 46.6 40.4 0.0 52.9
15.4 44.3 40.3 4.8 53.1
16.7 43.1 40.2 4.8 53.1
17.3 42.5 40.2 6.7 53.2
18.0 41.8 40.1 6.7 53.3
18.7 41.2 40.1 1.8 53.3
19.3 40.6 40.1 1.0 53.3
19.7 40.2 40.1 6.3 53.3
22.5 37.6 39.8 8.2 53.6
24.2 36.0 39.7 6.9 53.7
25.4 35.0 39.6 12.2 53.9
26.4 34.0 39.5 5.6 54.0
27.1 33.4 39.5 8.3 54.0
27.8 32.8 39.4 4.5 54.1
28.4 32.3 39.4 10.0 54.1
28.9 31.8 39.3 11.1 54.2
29.3 31.4 39.3 6.3 54.2
29.8 30.9 39.3 6.3 54.3
30.1 30.6 39.2 8.3 54.3
30.4 30.4 39.2 5.0 54.3
30.7 30.1 39.2 10.0 54.3
30.9 29.9 39.2 12.5 54.4
31.1 29.7 39.1 12.5 54.4
31.4 29.5 39.1 12.5 54.4
31.5 29.4 39.1 16.7 54.5
31.7 29.2 39.1 13.3 54.5
31.9 29.0 39.0 10.0 54.5
32.1 28.9 39.0 13.3 54.5
32.3 28.7 39.0 10.0 54.6
32.6 28.5 39.0 7.5 54.6
32.7 28.3 39.0 6.7 54.6
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Table B7, page 3
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Pec.
No. Gas Water Oil IV %FV %FV %EV % %Soi
AIR at 31.33 ft/day 
70 2462.50 325.42 81.16 16.575 32.9 28.2 39.0 4.0 54.6
71 2561.00 325.75 81.18 17.146 33.1 28.0 38.9 5.7 54.6
72 2659.50 326.03 81.20 17.717 33.3 27.8 38.9 6.7 54.6
73 2758.00 326.22 81.21 18.287 33.4 27.7 38.9 5.0 54.7
74 2856.50 326.41 81.22 18.857 33.5 27.6 38.9 5.0 54.7
75 2955.00 326.60 81.23 19.427 33.6 27.5 38.9 5.0 54.7
76 3053.50 326.79 81.24 19.997 33.7 27.4 38.9 5.0 54.7
77 3053.50 327.39 81.44 20.002 34.2 27.0 38.8 5.0 54.8
AIR at 23.45 ft/day plus (0.6% AES 1215-7P-2ES + 0.4% BIOTERGE PAS 8S + 500
mg/L FLOOCN 4800) at 7.82 ft/day (injected from the tcp down)
78 3078.13 328.59 81.44 20.151 30.1 31.1 38.8 0.0 54.8
79 3102.76 328.69 81.44 20.294 25.5 35.7 38.8 0.0 54.8
80 3127.39 328.79 81.44 20.437 20.8 40.4 38.8 0.0 54.8
81 3152.02 328.89 81.44 20.580 16.1 45.1 38.8 0.0 54.8
82 3176.65 333.98 81.45 20.751 14.3 46.9 38.8 0.2 54.8
83 3201.28 343.48 81.75 20.950 15.2 46.2 38.6 3.1 55.0
84 3225.91 350.03 81.90 21.131 14.3 47.1 38.5 2.2 55.1
85 3250.54 356.53 82.10 21.312 13.5 48.1 38.4 3.0 55.2
86 3275.17 362.33 82.70 21.492 12.4 49.5 38.1 9.4 55.7
87 3299.80 368.63 83.90 21.677 12.0 50.6 37.4 16.0 56.5
88 3324.43 373.93 85.30 21.858 11.1 52.3 36.6 20.9 57.4
89 3349.06 379.68 87.20 22.045 10.8 53.7 35.5 24.8 58.7
90 3373.69 386.28 89.20 22.237 11.0 54.7 34.3 23.3 60.0
91 3398.32 392.98 91.20 22.429 11.3 55.5 33.2 23.0 61.4
92 3422.95 401.18 93.15 22.630 12.4 55.5 32.0 19.2 62.7
93 3447.58 406.88 94.35 22.812 11.7 57.0 31.3 17.4 63.5
94 3472.21 415.78 94.95 23.009 12.4 56.6 31.0 6.3 63.9
95 3496.84 422.58 96.05 23.197 12.2 57.4 30.4 13.9 64.6
96 3521.47 431.28 97.05 23.396 13.1 57.1 29.8 10.3 65.3
97 3546.10 438.28 97.75 23.582 12.8 57.8 29.4 9.1 65.8
98 3570.73 446.38 98.45 23.776 13.2 57.9 29.0 8.0 66.3
99 3595.36 454.08 99.15 23.966 13.3 58.2 28.6 8.3 66.7
100 3619.99 462.23 99.80 24.160 13.6 58.2 28.2 7.4 67.2
101 3644.62 470.23 100.30 24.351 13.8 58.3 27.9 5.9 67.5
102 3669.25 477.83 100.70 24.539 13.7 58.7 27.7 5.0 67.8
103 3693.88 486.43 101.20 24.734 14.2 58.5 27.4 5.5 68.1
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Table B7, page 4
-----------Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water oil IV %IV %IV %IV % %Soi
AIR at 23.45 ft/day plus (0.6% AES 1215-7P-2ES + 0.4% BIOTERGE PAS 8S + 500 
mg/L FLOOCN 4800) at 7.82 ft/day (injected from the tcp dcwn)
104 3718.51 493.63 101.50 24.920 13.8 59.0 27.2 4.0 68.3
105 3743.14 501.83 101.90 25.112 14.0 59.0 27.0 4.7 68.6
106 3767.77 509.83 102.30 25.303 14.1 59.2 26.7 4.8 68.8
107 3792.40 517.98 102.55 25.494 14.2 59.2 26.6 3.0 69.0
108 3817.03 526.08 102.85 25.684 14.3 59.3 26.4 3.6 69.2
109 3841.66 534.43 103.20 25.877 14.6 59.2 26.2 4.0 69.4
110 3866.29 542.43 103.60 26.068 14.7 59.3 26.0 4.8 69.7
111 3890.92 550.13 103.90 26.256 14.6 59.6 25.8 3.8 69.9
112 3915.55 560.13 104.10 26.457 15.7 58.6 25.7 2.0 70.1
113 3940.18 564.93 104.20 26.628 13.8 60.5 25.6 2.0 70.1
114 3964.81 572.93 104.40 26.818 13.8 60.7 25.5 > 2.4 70.3
115 3989.44 580.78 104.55 27.006 13.7 60.9 25.4 1.9 70.4
116 4014.07 588.98 104.65 27.196 13.7 60.9 25.4 1.2 70.4
117 4038.70 597.08 104.75 27.386 13.7 60.9 25.3 1.2 70.5
118 4063.33 605.08 104.85 27.575 13.7 61.1 25.3 1.2 70.6
119 4087.96 608.93 104.90 27.740 11.2 63.6 25.2 1.3 70.6
AIR at 23.45 ft/day plus DE-ICNIZED WATER at 7.82 ft/day (injected from the 
tcp down)
120 4112.59 618.83 105.00 27.940 12.2 62.6 25.2 1.0 70.7
121 4137.22 628.58 105.05 28.139 13.1 61.7 25.2 0.5 70.7
122 4161.85 638.03 105.10 28.336 13.9 61.0 25.1 0.5 70.7
123 4186.48 647.41 105.12 28.533 14.6 60.3 25.1 0.2 70.7
124 4211.11 656.69 105.14 28.729 15.2 59.7 25.1 0.2 70.8
125 4235.74 666.48 105.15 28.928 16.1 58.8 25.1 0.1 70.8
126 4260.37 674.48 105.15 29.116 16.0 58.9 25.1 0.0 70.8
127 4285.00 683.07 105.16 29.308 16.2 58.7 25.1 0.1 70.8
128 4309.63 692.26 105.17 29.504 16.8 58.1 25.1 0.1 70.8
129 4334.26 700.95 105.18 29.696 17.1 57.8 25.1 0.1 70.8
130 4358.89 707.55 105.18 29.876 16.1 58.8 25.1 0.0 70.8
131 4383.52 716.45 105.18 30.070 16.5 58.4 25.1 0.0 70.8
132 4408.15 725.44 105.19 30.264 17.0 57.9 25.1 0.1 70.8
133 4432.78 734.34 105.19 30.458 17.4 57.5 25.1 0.0 70.8
134 4457.41 742.83 105.20 30.650 17.6 57.4 25.1 0.1 70.8
135 4482.04 751.23 105.20 30.840 17.7 57.3 25.1 0.0 70.8
136 4506.67 756.63 105.20 31.014 16.1 58.9 25.1 0.0 70.8
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Table B7, page 5
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas Water Oil EV %ev %rv %EV % %Soi
AIR at 31.33 ft/day
137 4531.30 764.82 105.21 31.204 16.0 58.9 25.1 0.1 70.8
138 4555.93 774.41 105.22 31.401 16.9 58.1 25.1 0.1 70.8
139 4580.56 778.31 105.22 31.566 14.4 60.6 25.1 0.0 70.8
140 4605.19 787.31 105.22 31.760 14.8 60.1 25.1 0.0 70.8
141 4605.19 787.31 105.22 31.760 14.8 60.1 25.1 0.0 70.8
142 4638.04 797.31 105.22 32.008 20.6 54.3 25.1 0.0 70.8
143 4670.89 800.51 105.22 32.216 22.4 52.5 25.1 0.0 70.8
144 4703.74 805.41 105.22 32.434 25.3 49.7 25.1 0.0 70.8
145 4802.29 814.41 105.22 33.056 30.5 44.5 25.1 0.0 70.8
146 4900.84 818.71 105.22 33.650 33.0 42.0 25.1 0.0 70.8
147 4999.39 822.01 105.22 34.238 34.9 40.1 25.1 0.0 70.8
148 5097.94 824.81 105.22 34.824 36.5 38.5 25.1 0.0 70.8
149 5196.49 826.61 105.22 35.403 37.5 37.4 25.1 0.0 70.8
150 5295.04 827.81 105.22 35.980 38.2 36.7 25.1 0.0 70.8
151 5393.59 829.31 105.22 36.558 39.1 35.9 25.1 0.0 70.8
152 5492.14 830.61 105.22 37.134 39.8 35.1 25.1 0.0 70.8
153 5590.69 831.61 105.22 37.710 40.4 34.5 25.1 0.0 70.8
154 5689.24 832.61 105.22 38.285 41.0 34.0 25.1 0.0 70.8
155 5787.79 833.51 105.22 38.859 41.5 33.4 25.1 0.0 70.8
156 5886.34 834.31 105.22 39.433 42.0 33.0 25.1 0.0 70.8
157 5984.89 835.11 105.22 40.007 42.4 32.5 25.1 0.0 70.8
158 6083.44 835.81 105.22 40.580 42.8 32.1 25.1 0.0 70.8
159 6181.99 836.51 105.22 41.154 43.2 31.7 25.1 0.0 70.8
160 6280.54 837.11 105.22 41.727 43.6 31.4 25.1 0.0 70.8
161 6379.09 837.61 105.22 42.299 43.9 31.1 25.1 0.0 70.8
162 6477.64 838.11 105.22 42.871 44.2 30.8 25.1 0.0 70.8
163 6576.19 838.71 105.22 43.444 44.5 30.4 25.1 0.0 70.8
164 6674.74 839.11 105.22 44.015 44.7 30.2 25.1 0.0 70.8
165 6773.29 839.41 105.22 44.586 44.9 30.0 25.1 0.0 70.8
166 6871.84 839.81 105.22 45.158 45.1 29.8 25.1 0.0 70.8
167 6970.39 840.31 105.22 45.730 45.4 29.5 25.1 0.0 70.8
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Table B.8 Thesis Sandpack 10: Incremental Fluid
Production and Cumulative Saturation





















EE-ICNIZED WATER at 31.09 ft/day (injected vertically from the bottcm up)
1 0.00 0.00 5.90 0.035 0.0 19.1 80.9 100.0 4.1
2 0.00 0.00 15.70 0.092 0.0 24.9 75.1 100.0 11.0
3 0.00 0.00 25.60 0.151 0.0 30.7 69.3 100.0 17.9
4 0.00 0.00 35.50 0.209 0.0 36.6 63.4 100.0 24.8
5 0.00 2.00 43.90 0.270 0.0 41.5 58.5 80.8 30.7
6 0.00 6.80 49.40 0.331 0.0 44.8 55.2 53.4 34.5
7 0.00 13.70 52.80 0.392 0.0 46.8 53.2 33.0 36.9
8 0.00 20.75 55.75 0.451 0.0 48.5 51.5 29.5 38.9
9 0.00 28.35 58.15 0.509 0.0 49.9 50.1 24.0 40.6
10 0.00 36.25 60.25 0.568 0.0 51.1 48.9 21.0 42.1
11 0.00 44.25 62.05 0.626 0.0 52.2 47.8 18.4 43.3
12 0.00 52.65 63.55 0.684 0.0 53.1 46.9 15.2 44.4
13 0.00 61.25 64.85 0.743 0.0 53.9 46.1 13.1 45.3
14 0.00 69.85 66.05 0.800 0.0 54.6 45.4 12.2 46.1
15 0.00 78.75 67.05 0.859 0.0 55.2 44.8 10.1 46.8
16 0.00 87.45 68.15 0.916 0.0 55.8 44.2 11.2 47.6
17 0.00 96.55 68.95 0.975 0.0 56.3 43.7 8.1 48.1
18 0.00 105.45 69.75 1.032 0.0 56.7 43.3 8.2 48.7
19 0.00 114.85 70.45 1.091 0.0 57.2 42.8 6.9 49.2
20 0.00 124.05 71.05 1.149 0.0 57.5 42.5 6.1 49.6
21 0.00 133.35 71.55 1.207 0.0 57.8 42.2 5.1 50.0
22 0.00 142.25 72.15 1.263 0.0 58.2 41.8 6.3 50.4
23 0.00 151.55 72.75 1.321 0.0 58.5 41.5 6.1 50.8
24 0.00 161.05 73.25 1.380 0.0 58.8 41.2 5.0 51.2
25 0.00 170.55 73.65 1.438 0.0 59.0 41.0 4.0 51.4
26 0.00 179.85 74.05 1.495 0.0 59.3 40.7 4.1 51.7
27 0.00 189.45 74.35 1.554 0.0 59.5 40.5 3.0 51.9
28 0.00 198.75 74.75 1.611 0.0 59.7 40.3 4.1 52.2
29 0.00 208.35 75.05 1.669 0.0 59.9 40.1 3.0 52.4
30 0.00 217.95 75.35 1.727 0.0 60.0 40.0 3.0 52.6
31 0.00 227.25 75.75 1.784 0.0 60.3 39.7 4.1 52.9
32 0.00 236.75 76.05 1.842 0.0 60.5 39.5 3.1 53.1
33 0.00 246.25 76.35 1.900 0.0 60.6 39.4 3.1 53.3
34 0.00 255.95 76.65 1.959 0.0 60.8 39.2 3.0 53.5
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EE-ICNIZED WATER at 31.09 ft/day (injected vertically fncm the bottcm up)
35 0.00 262.85 76.85 2.001 0.0 60.9 39.1 2.8 53.7
AIR at 31.09 ft/day (injected fncm the tcp down)
36 0.00 263.35 76.85 2.004 0.0 60.9 39.1 0.0 53.7
37 9.84 267.75 76.95 2.088 2.7 58.3 39.0 2.2 53.7
38 19.68 278.50 77.10 2.210 9.1 52.0 38.9 1.4 53.8
39 29.52 287.40 77.30 2.322 14.4 46.8 38.8 2.2 54.0
40 39.36 292.30 77.50 2.410 17.4 43.9 38.7 3.9 54.1
41 49.20 294.60 77.60 2.482 18.8 42.5 38.6 4.2 54.2
42 59.04 297.10 77.70 2.555 20.4 41.0 38.6 3.8 54.3
43 68.88 298.00 77.70 2.618 20.9 40.5 38.6 0.0 54.3
44 78.72 298.80 77.70 2.681 21.4 40.0 38.6 0.0 54.3
45 177.07 300.09 77.71 3.268 22.1 39.3 38.6 0.8 54.3
46 275.42 305.69 78.01 3.882 25.6 36.0 38.4 5.1 54.5
47 373.77 307.84 78.26 4.475 27.0 34.7 38.2 10.4 54.7
48 472.12 309.24 78.46 5.064 28.0 33.9 38.1 12.5 54.8
49 570.47 310.44 78.66 5.651 28.8 33.2 38.0 14.3 54.9
50 668.82 311.39 78.81 6.237 29.4 32.6 37.9 13.6 55.0
51 767.17 312.34 78.96 6.823 30.1 32.1 37.8 13.6 55.1
52 865.52 313.14 79.06 7.407 30.6 31.6 37.8 11.1 55.2
53 963.87 313.64 79.16 7.990 31.0 31.3 37.7 16.7 55.3
54 1062.22 314.24 79.26 8.573 31.4 31.0 37.7 14.3 55.3
55 1160.57 314.94 79.36 9.157 31.9 30.5 37.6 12.5 55.4
56 1258.92 315.29 79.41 9.739 32.1 30.3 37.6 12.5 55.5
57 1357.27 315.84 79.46 10.321 32.4 30.0 37.5 8.3 55.5
58 1455.62 316.29 79.51 10.904 32.7 29.7 37.5 10.0 55.5
59 1553.97 316.67 79.53 11.485 33.0 29.5 37.5 5.0 55.5
60 1652.32 317.05 79.55 12.067 33.2 29.3 37.5 5.0 55.6
61 1750.67 317.44 79.56 12.648 33.5 29.1 37.5 2.5 55.6
62 1849.02 317.73 79.57 13.229 33.6 28.9 37.5 3.3 55.6
63 1947.37 318.02 79.58 13.810 33.8 28.7 37.5 3.3 55.6
64 2045.72 318.41 79.59 14.392 34.0 28.5 37.5 2.5 55.6
65 2144.07 318.70 79.60 14.973 34.2 28.3 37.5 3.3 55.6
66 2144.07 318.70 79.60 14.973 34.2 28.3 37.5 0.0 55.6
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Table B8, page 3
-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas Water Oil IV %IV %PV %IV % %Soi
AIR at 23.32 ft/day plus 1.0% CHASER SEKL000 + 500 mg/L FUXXN 4800 at 7.77 
ft/day (injected vertically fncm the tcp dcwn)
67 2168.66 321.19 79.61 15.132 30.9 31.7 37.4 0.4 55.6
68 2193.25 321.19 79.61 15.277 26.0 36.5 37.4 0.0 55.6
69 2217.84 321.39 79.61 15.423 21.3 41.2 37.4 0.0 55.6
70 2242.43 322.98 79.62 15.577 17.4 45.1 37.4 0.6 55.6
71 2267.02 331.88 80.32 15.779 18.3 44.7 37.0 7.3 56.1
72 2291.61 338.43 80.67 15.964 17.5 45.7 36.8 5.1 56.3
73 2316.20 344.13 81.07 16.145 16.3 47.1 36.6 6.6 56.6
74 2340.79 349.73 81.77 16.327 15.2 48.7 36.2 11.1 57.1
75 2365.38 356.03 82.67 16.514 14.6 49.8 35.6 12.5 57.7
76 2389.97 363.03 83.97 16.708 14.6 50.5 34.9 15.7 58.6
77 2414.56 370.43 85.57 16.906 15.1 51.0 33.9 17.8 59.8
78 2439.15 377.13 87.17 17.099 15.2 51.8 33.0 19.3 60.9
79 2463.74 383.43 88.67 17.290 14.9 53.0 32.1 19.2 61.9
80 2488.33 390.03 90.07 17.482 14.8 53.9 31.3 17.5 62.9
81 2512.92 396.83 91.37 17.674 14.8 54.7 30.5 16.0 63.8
82 2537.51 404.13 92.47 17.869 14.9 55.2 29.9 13.1 64.6
83 2562.10 411.43 93.47 18.062 14.9 55.8 29.3 12.0 65.3
84 2586.69 418.83 94.42 18.256 15.0 56.2 28.7 11.4 65.9
85 2611.28 426.43 95.42 18.452 15.3 56.6 28.1 11.6 66.6
86 2635.87 433.83 96.32 18.646 15.3 57.1 27.6 10.8 67.3
87 2660.46 441.23 97.32 18.840 15.4 57.5 27.0 11.9 68.0
88 2685.05 448.63 98.22 19.034 15.5 58.0 26.5 10.8 68.6
89 2709.64 456.23 98.92 19.227 15.6 58.3 26.1 8.4 69.1
90 2734.23 463.93 99.92 19.423 15.9 58.6 25.5 11.5 69.8
91 2758.82 471.93 100.52 19.619 16.1 58.8 25.1 7.0 70.2
92 2783.41 479.03 101.22 19.810 15.9 59.4 24.7 9.0 70.7
93 2808.00 487.83 102.02 20.011 16.7 59.0 24.3 8.3 71.2
94 2832.59 495.33 102.52 20.203 16.6 59.5 24.0 6.3 71.6
95 2857.18 503.53 103.12 20.399 16.9 59.5 23.6 6.8 72.0
96 2881.77 510.73 103.52 20.589 16.6 60.0 23.4 5.3 72.3
97 2906.36 518.33 104.02 20.782 16.5 60.4 23.1 6.2 72.6
98 2930.95 526.33 104.52 20.976 16.7 60.5 22.8 5.9 73.0
99 2955.54 534.13 104.72 21.168 16.6 60.7 22.7 2.5 73.1
100 2980.13 542.83 104.82 21.365 17.0 60.4 22.6 1.1 73.2
101 3004.72 550.93 105.02 21.559 17.0 60.5 22.5 2.4 73.3
102 3029.31 559.13 105.22 21.753 17.1 60.5 22.4 2.4 73.5
103 3053.90 567.53 105.42 21.948 17.4 60.4 22.2 2.3 73.6
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Table B8, page 4
-------- cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. Cut Rec.
No. Gas Water Oil IV %IV %IV %EV % %Soi
AIR at 23.32 ft/day plus 1.0% CHASER SD-1000 + 500 mg/L FLOOCN 4800 at 7.77 
ft/day (injected vertically fncm the tcp down)
104 3078.49 575.93 105.62 22.144 17.6 60.3 22.1 2.3 73.8
105 3103.08 580.83 105.72 22.318 15.7 62.2 22.1 2.0 73.8
106 3103.08 580.83 105.72 22.318 15.7 62.2 22.1 0.0 73.8
AIR at 23.32 ft/day plus EE-ICNIZED WATER at 7.77 ft/day (injected
vertically from the tcp dcwn)
107 3127.67 592.23 105.82 22.531 17.7 60.3 22.0 0.9 73.9
108 3152.26 601.98 106.03 22.734 18.7 59.4 21.9 2.1 74.0
109 3176.85 611.18 106.23 22.934 19.4 58.8 21.8 2.1 74.2
110 3201.44 621.38 106.53 23.141 20.8 57.6 21.6 2.9 74.4
111 3226.03 631.48 106.63 23.346 22.0 56.5 21.5 1.0 74.5
112 3250.62 641.73 106.68 23.551 23.2 55.3 21.5 0.5 74.5
113 3275.21 648.21 106.70 23.735 22.2 56.3 21.5 0.3 74.5
114 3299.80 654.69 106.72 23.918 21.2 57.3 21.5 0.3 74.5
115 3324.39 662.77 106.74 24.110 21.1 57.4 21.5 0.2 74.5
116 3348.98 671.85 106.76 24.309 21.7 56.9 21.5 0.2 74.6
117 3373.57 681.45 106.76 24.510 22.5 56.0 21.5 0.0 74.6
118 3398.16 690.65 106.76 24.709 23.1 55.4 21.5 0.0 74.6
119 3422.75 699.80 106.81 24.908 23.7 54.9 21.4 0.5 74.6
120 3447.34 708.99 106.82 25.107 24.3 54.3 21.4 0.1 74.6
121 3471.93 718.19 106.82 25.306 24.9 53.7 21.4 0.0 74.6
122 3496.52 724.89 106.82 25.490 24.0 54.6 21.4 0.0 74.6
123 3521.11 725.89 106.82 25.641 19.7 58.8 21.4 0.0 74.6
124 3545.70 736.08 106.83 25.846 20.9 57.7 21.4 0.1 74.6
125 3570.29 745.88 106.83 26.048 21.9 56.7 21.4 0.0 74.6
126 3594.88 750.88 106.83 26.223 20.0 58.6 21.4 0.0 74.6
127 3594.88 750.98 106.83 26.223 20.1 58.5 21.4 0.0 74.6
AIR at 31.09 ft/day (injected vertically fncm the tcp down)
128 3627.66 757.18 106.83 26.453 23.7 54.9 21.4 0.0 74.6
129 3660.44 760.08 106.83 26.663 25.4 53.2 21.4 0.0 74.6
130 3758.79 764.08 106.83 27.266 27.8 50.8 21.4 0.0 74.6
131 3857.14 766.88 106.83 27.861 29.4 49.2 21.4 0.0 74.6
132 3955.49 769.58 106.83 28.456 31.0 47.6 21.4 0.0 74.6
133 4053.84 771.38 106.83 29.046 32.1 46.5 21.4 0.0 74.6
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-------- Cumulative— Gas Water Oil Oil Oil
Tube —-------- Production— Sat. Sat. Sat. cut Rec.
No. Gas water Oil FV %FV %FV %P7 % %Soi
AIR at 31.09 ft/day (injected vertically fncm the tcp down)
134 4152.19 772.58 106.83 29.633 32.8 45.8 21.4 0.0 74.6
135 4250.54 774.08 106.83 30.221 33.7 44.9 21.4 0.0 74.6
136 4348.89 775.58 106.83 30.809 34.5 44.0 21.4 0.0 74.6
137 4447.24 776.68 106.83 31.394 35.2 43.4 21.4 0.0 74.6
138 4545.59 777.58 106.83 31.979 35.7 42.9 21.4 0.0 74.6
139 4643.94 778.68 106.83 32.564 36.4 42.2 21.4 0.0 74.6
140 4742.29 779.48 106.83 33.148 36.8 41.7 21.4 0.0 74.6
141 4840.64 780.38 106.83 33.733 37.4 41.2 21.4 0.0 74.6
142 4938.99 781.08 106.83 34.316 37.8 40.8 21.4 0.0 74.6
143 5037.34 781.58 106.83 34.898 38.1 40.5 21.4 0.0 74.6
144 5135.69 782.08 106.83 35.481 38.4 40.2 21.4 0.0 74.6
145 5234.04 782.38 106.83 36.062 38.5 40.0 21.4 0.0 74.6
146 5332.39 782.88 106.83 36.644 38.8 39.7 21.4 0.0 74.6
147 5430.74 783.18 106.83 37.225 39.0 39.6 21.4 0.0 74.6
148 5529.09 783.78 106.83 37.807 39.4 39.2 21.4 0.0 74.6
149 5627.44 784.38 106.83 38.390 39.7 38.9 21.4 0.0 74.6
150 5725.79 784.78 106.83 38.972 40.0 38.6 21.4 0.0 74.6
151 5824.14 785.18 106.83 39.553 40.2 38.4 21.4 0.0 74.6
152 5922.49 785.48 106.83 40.134 40.4 38.2 21.4 0.0 74.6
153 6020.84 785.58 106.83 40.714 40.4 38.2 21.4 0.0 74.6
Appendix C Pressure and Resistance Factor Tables
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Table C.l Thesis Sandpack Is Incremental Pressures, 
Resistance Factors and Cumulative Production
page 1
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(IV) APa AP2 APt RFi RF2 RFt
#2 DIESEL at 60.39 ft/day
1 0.00 0.175 0.663 0.838 2.19 1.46 1.57
2—IONIZED WATER at 211.34 ft/day
2 0.15 0.150 2.880 3.030 0.54 1.82 1.62
3 0.31 0.650 3.180 3.830 2.32 2.01 2.05
4 0.46 0.680 2.730 3.410 2.43 1.72 1.83
5 0.62 0.640 2.240 2.880 2.29 1.41 1.54
6 0.77 0.600 1.980 2.580 2.14 1.25 1.38
7 0.93 0.540 1.840 2.380 1.93 1.16 1.28
8 1.08 0.510 1.670 2.180 1.82 1.05 1.17
9 1.24 0.490 1.590 2.080 1.75 1.00 1.12
10 1.39 0.480 1.530 2.010 1.71 0.97 1.08
11 1.54 0.460 1.470 1.930 1.64 0.93 1.03
12 1.70 0.450 1.420 1.870 1.61 0.90 1.00
13 1.85 0.450 1.380 1.830 1.61 0.87 0.98
14 2.01 0.450 1.360 1.810 1.61 0.86 0.97
15 2.16 0.450 1.330 1.780 1.61 0.84 0.95
2-ICNIZED WATER at 120.81 ft/day
16 2.26 0.450 1.320 1.770 2.81 1.46 1.66
17 2.35 0.170 0.820 0.990 1.06 0.90 0.93
18 2.43 0.180 0.870 1.050 1.12 0.96 0.98
19 2.52 0.200 0.210 1.090 1.25 0.23 1.02
20 2.61 0.210 0.900 1.110 1.31 0.99 1.04
21 2.70 0.210 0.900 1.110 1.31 0.99 1.04
22 2.79 0.210 0.889 1.099 1.31 0.98 1.03
23 2.88 0.210 0.860 1.070 1.31 0.95 1.00
24 2.96 0.210 0.860 1.070 1.31 0.95 1.00
25 3.05 0.210 0.850 1.060 1.31 0.94 0.99
26 3.14 0.210 0.850 1.060 1.31 0.94 0.99
27 3.23 0.210 0.850 1.060 1.31 0.94 0.99
28 3.27 0.210 0.850 1.060 1.31 0.94 0.99
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Saitple cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(IV) APX AP2 APt RFx RF2 RFt
DE-ICNIZED WATER at 60.39 ft/day
29 3.35 0.080 0.469 0.549 1.00 1.04 1.03
30 3.42 0.080 0.468 0.548 1.00 1.03 1.03
31 3.50 0.080 0.465 0.545 1.00 1.03 1.02
32 3.57 0.080 0.464 0.544 1.00 1.02 1.02
33 3.65 0.080 0.462 0.542 1.00 1.02 1.02
34 3.72 0.080 0.460 0.540 1.00 1.02 1.01
35 3.79 0.080 0.454 0.534 1.00 1.00 1.00
36 3.84 0.080 0.459 0.539 1.00 1.01 1.01
37 3.91 0.080 0.459 0.539 1.00 1.01 1.01
38 3.98 0.080 0.459 0.539 1.00 1.01 1.01
39 4.06 0.080 0.458 0.538 1.00 1.01 1.01
40 4.13 0.080 0.457 0.537 1.00 1.01 1.01
41 4.21 0.080 0.456 0.536 1.00 1.01 1.01
42 4.28 0.080 0.454 0.534 1.00 1.00 1.00
43 4.36 0.080 0.453 0.533 1.00 1.00 1.00
30 mg/L FLOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 60.39 ft/day
44 4.43 0.330 0.476 0.806 4.13 1.05 1.51
45 4.51 0.330 0.616 0.946 4.13 1.36 1.77
46 4.58 0.330 0.760 1.090 4.13 1.68 2.05
47 4.66 0.310 1.030 1.340 3.88 2.27 2.51
48 4.73 0.300 1.150 1.450 3.75 2.54 2.72
49 4.80 0.300 1.270 1.570 3.75 2.80 2.95
50 4.88 0.290 1.100 1.390 3.62 2.43 2.61
51 4.95 0.290 1.460 1.750 3.62 3.22 3.28
52 5.03 0.290 1.580 1.870 3.62 3.49 3.51
53 5.10 0.290 1.590 1.880 3.62 3.51 3.53
54 5.17 0.290 1.590 1.880 3.62 3.51 3.53
55 5.25 0.290 1.570 1.860 3.62 3.47 3.49
56 5.32 0.290 1.520 1.810 3.62 3.36 3.40
57 5.40 0.290 1.520 1.810 3.62 3.36 3.40
58 5.49 0.290 1.510 1.800 3.62 3.33 3.38
)0 mg/L FLOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 30.20 ft/day
59 5.54 0.220 1.010 1.230 5.50 4.46 4.61
60 5.60 0.180 0.950 1.130 4.50 4.19 4.24
61 5.65 0.170 0.940 1.110 4.25 4.15 4.16
T-4127 330
Table CL, page 3
Sample cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(FV) APX AP2 APt RFx RF2 RFt
400 mg/L FLOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 30.20 ft/day
62 5.71 0.170 0.930 1.100 4.25 4.10 4.13
63 5.76 0.170 0.920 1.090 4.25 4.06 4.09
64 5.82 0.170 0.910 1.080 4.25 4.02 4.05
65 5.87 0.170 0.910 1.080 4.25 4.02 4.05
66 5.93 0.170 0.910 1.080 4.25 4.02 4.05
67 5.98 0.170 0.910 1.080 4.25 4.02 4.05
68 6.05 0.180 0.910 1.090 4.50 4.02 4.09
DO mg/L FDDOCN 4800 plus 1.0% BIOTERGE PAS 8S at 7.55 ft/day
69 6.12 0.050 0.360 0.410 5.00 6.36 6.15
70 6.19 0.050 0.340 0.390 5.00 6.00 5.85
71 6.26 0.050 0.340 0.390 5.00 6.00 5.85
72 6.33 0.050 0.360 0.410 5.00 6.36 6.15
73 6.40 0.040 0.360 0.400 4.00 6.36 6.00
74 6.46 0.040 0.350 0.390 4.00 6.18 5.85
75 6.53 0.040 0.350 0.390 4.00 6.18 5.85
76 6.60 0.030 0.370 0.400 3.00 6.53 6.00
77 6.72 0.030 0.370 0.400 3.00 6.53 6.00
2-IQNTZED WATER at 60.47 ft/day
78 6.77 0.230 1.150 1.380 2.87 2.54 2.59
79 6.83 0.310 1.310 1.620 3.87 2.89 3.04
80 6.88 0.250 1.230 1.480 3.12 2.71 2.77
81 6.94 0.235 1.445 1.680 2.93 3.19 3.15
82 6.99 0.223 1.397 1.620 2.78 3.08 3.04
83 7.05 0.218 1.222 1.440 2.72 2.69 2.70
84 7.10 0.213 1.047 1.260 2.66 2.31 2.36
85 7.16 0.208 0.912 1.120 2.60 2.01 2.10
86 7.21 0.205 0.775 0.980 2.56 1.71 1.84
87 7.27 0.200 0.690 0.890 2.50 1.52 1.67
88 7.32 0.199 0.611 0.810 2.48 1.35 1.52
89 7.38 0.190 0.590 0.780 2.37 1.30 1.46
90 7.43 0.195 0.555 0.750 2.43 1.22 1.41
91 7.49 0.193 0.537 0.730 2.41 1.18 1.37
92 7.54 0.190 0.520 0.710 2.37 1.15 1.33
93 7.60 0.188 0.512 0.700 2.35 1.13 1.31
94 7.65 0.188 0.502 0.690 2.35 1.11 1.29
95 7.71 0.188 0.492 0.680 2.35 1.08 1.27
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Sample Cum. — Incremental Pressure Deep—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(IV) APX AP2 APt RFi RF2 RFx
DEI-IONIZED WATER at 60.47 ft/day
96 7.76 0.187 0.483 0.670 2.33 1.06 1.26
97 7.82 0.185 0.475 0.660 2.31 1.05 1.24
98 7.87 0.182 0.478 0.660 2.27 1.05 1.24
99 7.93 0.180 0.470 0.650 2.25 1.04 1.22
100 7.98 0.178 0.472 0.650 2.22 1.04 1.22
101 8.04 0.178 0.472 0.650 2.22 1.04 1.22
102 8.09 0.175 0.465 0.640 2.18 1.03 1.20
103 8.15 0.180 0.470 0.650 2.25 1.04 1.22
104 8.21 0.177 0.463 0.640 2.21 1.02 1.20
105 8.26 0.175 0.465 0.640 2.18 1.03 1.20
106 8.32 0.175 0.455 0.630 2.18 1.00 1.18
107 8.37 0.192 0.438 0.630 2.40 0.97 1.18
108 8.43 0.190 0.440 0.630 2.37 , 0.97 1.18
109 8.48 0.189 0.441 0.630 2.36 0.97 1.18
110 8.54 0.230 0.390 0.620 2.87 0.86 1.16
111 8.59 0.225 0.395 0.620 2.81 0.87 1.16
112 8.65 0.225 0.385 0.610 2.81 0.85 1.14
113 8.68 0.225 0.385 0.610 2.81 0.85 1.14
114 8.73 0.178 0.401 0.579 2.22 0.88 1.08
115 8.79 0.179 0.400 0.579 2.23 0.88 1.08
116 8.84 0.180 0.397 0.577 2.25 0.88 1.08
117 8.90 0.180 0.397 0.577 2.25 0.88 1.08
118 8.95 0.180 0.396 0.576 2.25 0.87 1.08
119 8.97 0.180 0.396 0.576 2.25 0.87 1.08
500 mg/L FIOGCN 00 o o t 1.0% BIOTERGE PAS 8S at 60.47 ft/day
120 9.02 0.360 0.259 0.619 4.49 0.57 1.16
121 9.08 0.525 0.284 0.809 6.55 0.63 1.52
122 9.13 0.625 0.354 0.979 7.80 0.78 1.83
123 9.19 0.625 0.554 1.179 7.80 1.22 2.21
124 9.24 0.615 0.744 1.359 7.68 1.64 2.55
125 9.30 0.605 0.934 1.539 7.55 2.06 2.88
126 9.35 0.590 1.169 1.759 7.37 2.58 3.30
127 9.41 0.580 1.369 1.949 7.24 3.02 3.65
128 9.46 0.590 1.499 2.089 7.37 3.30 3.91
129 9.52 0.610 1.739 2.349 7.62 3.83 4.40
130 9.57 0.610 1.904 2.514 7.62 4.20 4.71
131 9.63 0.630 2.134 2.764 7.86 4.70 5.18
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Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(PV) A Px AP2 APt KFi RF2 RFt
800 mg/L FD30CN 4800 plus 1.0% BIOTERGE PAS 8S at 60.47 ft/day
132 9.68 0.640 2.249 2.889 7.99 4.96 5.41
133 9.74 0.660 2.429 3.089 8.24 5.36 5.79
134 9.79 0.680 2.559 3.239 8.49 5.64 6.07
135 9.85 0.680 2.509 3.189 8.49 5.53 5.98
136 9.90 0.680 2.459 3.139 8.49 5.42 5.88
137 9.96 0.680 2.509 3.189 8.49 5.53 5.98
138 10.01 0.685 2.504 3.189 8.55 5.52 5.98
139 10.07 0.690 2.509 3.199 8.61 5.53 5.99
140 10.12 0.695 2.505 3.200 8.68 5.52 6.00
141 10.18 0.695 2.506 3.201 8.68 5.52 6.00
142 10.23 0.695 2.507 3.202 8.68 5.53 6.00
143 10.29 0.695 2.510 3.205 8.68 5.53 6.01
144 10.34 0.695 2.515 3.210 8.68 5.54 6.01
145 10.36 0.695 2.519 3.214 8.68 5.55 6.02
300 mg/L FEOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 30.73 ft/day
146 10.41 0.680 1.809 2.489 16.98 7.98 9.33
147 10.47 0.545 1.623 2.168 13.61 7.16 8.12
148 10.52 0.520 1.619 2.139 12.98 7.14 8.02
149 10.58 0.513 1.627 2.140 12.81 7.17 8.02
150 10.63 0.507 1.647 2.154 12.66 7.26 8.07
151 10.69 0.505 1.659 2.164 12.61 7.32 8.11
152 10.74 0.505 1.674 2.179 12.61 7.38 8.17
153 10.80 0.505 1.675 2.180 12.61 7.39 8.17
154 10.85 0.505 1.675 2.180 12.61 7.39 8.17
155 10.93 0.505 1.675 2.180 12.61 7.39 8.17
300 mg/L FEOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 7.56 ft/day
156 10.98 0.315 0.749 1.064 31.46 13.21 15.95
157 11.04 0.303 0.737 1.040 30.26 13.00 15.59
158 11.09 0.300 0.740 1.040 29.96 13.05 15.59
159 11.15 0.295 0.745 1.040 29.46 13.14 15.59
160 11.20 0.295 0.745 1.040 29.46 13.14 15.59
161 11.26 0.290 0.750 1.040 28.96 13.23 15.59
162 11.35 0.290 0.750 1.040 28.96 13.23 15.59
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Sample cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APX AP2 APt RFx RF2 RFt
DE-ICNIZED WATER at 60.47 ft/day
163 11.41 0.485 1.904 2.389 6.05 4.20 4.48
164 11.46 0.465 2.425 2.890 5.81 5.35 5.42
165 11.52 0.425 2.475 2.900 5.31 5.46 5.43
166 11.57 0.395 2.095 2.490 4.93 4.62 4.67
167 11.63 0.365 1.775 2.140 4.56 3.91 4.01
168 11.68 0.345 1.595 1.940 4.31 3.52 3.64
169 11.74 0.310 1.450 1.760 3.87 3.20 3.30
170 11.79 0.295 1.345 1.640 3.68 2.97 3.07
171 11.85 0.285 1.175 1.460 3.56 2.59 2.74
172 11.90 0.280 1.060 1.340 3.50 2.34 2.51
173 11.96 0.280 0.960 1.240 3.50 2.12 2.32
174 12.01 0.270 0.870 1.140 3.37 1.92 2.14
175 12.07 0.265 0.775 1.040 3.31 1.71 1.95
176 12.12 0.260 0.720 0.980 3.25 1.59 1.84
177 12.18 0.255 0.655 0.910 3.18 1.44 1.71
178 12.23 0.254 0.706 0.960 3.17 1.56 1.80
179 12.29 0.253 0.657 0.910 3.16 1.45 1.71
180 12.34 0.252 0.638 0.890 3.15 1.41 1.67
181 12.40 0.252 0.628 0.880 3.15 1.38 1.65
182 12.45 0.250 0.590 0.840 3.12 1.30 1.57
183 12.51 0.245 0.565 0.810 3.06 1.25 1.52
184 12.56 0.243 0.547 0.790 3.03 1.21 1.48
185 12.62 0.238 0.542 0.780 2.97 1.19 1.46
186 12.67 0.235 0.505 0.740 2.93 1.11 1.39
187 12.73 0.233 0.497 0.730 2.91 1.10 1.37
188 12.75 0.231 0.489 0.720 2.88 1.08 1.35
1200 mg/L FEOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 60.47 ft/day
189 12.80 0.450 0.630 1.080 5.62 1.39 2.02
190 12.86 0.625 0.655 1.280 7.80 1.44 2.40
191 12.91 0.750 0.690 1.440 9.36 1.52 2.70
192 12.97 0.865 0.875 1.740 10.80 1.93 3.26
193 13.02 0.835 1.165 2.000 10.42 2.57 3.75
194 13.08 0.865 1.715 2.580 10.80 3.78 4.83
195 13.13 0.860 1.900 2.760 10.74 4.19 5.17
196 13.19 0.855 2.185 3.040 10.67 4.82 5.70
197 13.24 0.860 2.580 3.440 10.74 5.69 6.45
198 13.30 0.880 2.910 3.790 10.99 6.42 7.10
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Sample dm. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APi ap2 APt RFX rf2 RFt
1200 mg/L FEOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 60.47 ft/day
199 13.35 0.900 3.240 4.140 11.24 7.14 7.76
200 13.41 0.910 3.380 4.290 11.36 7.45 8.04
201 13.46 0.920 3.470 4.390 11.49 7.65 8.23
202 13.52 0.925 3.565 4.490 11.55 7.86 8.41
203 13.57 0.950 3.620 4.570 11.86 7.98 8.56
204 13.63 0.975 3.635 4.610 12.17 8.01 8.64
205 13.68 0.980 3.660 4.640 12.23 8.07 8.69
206 13.74 0.975 3.155 4.130 12.17 6.96 7.74
207 13.79 0.955 3.655 4.610 11.92 8.06 8.64
208 13.85 0.945 3.655 4.600 11.80 8.06 8.62
209 13.90 0.940 3.660 4.600 11.74 8.07 8.62
210 13.96 0.930 3.630 4.560 11.61 8.00 8.54
211 14.01 0.920 3.630 4.550 11.49 , 8.00 8.53
212 14.07 0.900 3.640 4.540 11.24 8.03 8.51
213 14.12 0.890 3.630 4.520 11.11 8.00 8.47
214 14.15 0.880 3.630 4.510 10.99 8.00 8.45
1200 mg/L FEOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 30.23 ft/day
215 14.21 0.800 2.880 3.680 19.97 12.70 13.79
216 14.26 0.660 2.610 3.270 16.48 11.51 12.25
217 14.32 0.620 2.598 3.218 15.48 11.46 12.06
218 14.37 0.605 2.615 3.220 15.11 11.53 12.07
219 14.43 0.595 2.625 3.220 14.86 11.57 12.07
220 14.48 0.587 2.641 3.228 14.66 11.65 12.10
221 14.54 0.582 2.658 3.240 14.53 11.72 12.14
222 14.59 0.580 2.660 3.240 14.48 11.73 12.14
223 14.65 0.579 2.661 3.240 14.46 11.73 12.14
224 14.70 0.578 2.662 3.240 14.43 11.74 12.14
225 14.74 0.380 2.860 3.240 9.49 12.61 12.14
1200 mg/L FEOOCN 4800 plus 1.0% BIOTERGE PAS 8S at 7.56 ft/day
226 14.81 0.325 1.343 1.668 32.46 23.68 25.00
227 14.88 0.298 1.332 1.630 29.76 23.49 24.43
228 14.95 0.285 1.355 1.640 28.46 23.90 24.58
229 15.02 0.275 1.365 1.640 27.46 24.07 24.58
230 15.09 0.270 1.340 1.610 26.96 23.63 24.13
231 15.16 0.270 1.370 1.640 26.96 24.16 24.58
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Table CL, page 8
Sample Cam. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)--- Resistance Factor (Ratio)-
(FV) APX AP2 APt RFi RF2 RFt
1200 mg/L FEOOCN 4800 plus 1.0% HCCTER3S EAS 8S at 7.56 ft/day
232 15.22 0.270 1.370 1.640 26.96 24.16 24.58
233 15.29 0.270 1.370 1.640 26.96 24.16 24.58
234 15.36 0.270 1.380 1.650 26.96 24.34 24.73
235 15.43 0.270 1.400 1.670 26.96 24.69 25.03
236 15.50 0.285 1.395 1.680 28.46 24.60 25.18
237 15.57 0.300 1.390 1.690 29.96 24.51 25.33
238 15.64 0.325 1.375 1.700 32.46 24.25 25.48
239 15.71 0.345 1.365 1.710 34.45 24.07 25.63
240 15.78 0.358 1.362 1.720 35.75 24.02 25.78
241 15.85 0.370 1.360 1.730 36.95 23.98 25.93
242 15.90 0.380 1.360 1.740 37.95 23.98 26.08
DE—ICNIZED WATER at 60.47 ft/day
243 16.01 0.620 3.940 4.560 7.74 8.69 8.54
244 16.13 0.455 2.515 2.970 5.68 5.54 5.57
245 16.24 0.355 2.165 2.520 4.43 4.77 4.72
246 16.35 0.310 1.760 2.070 3.87 3.88 3.88
247 16.46 0.285 1.585 1.870 3.56 3.49 3.50
248 16.57 0.270 1.420 1.690 3.37 3.13 3.17
249 16.68 0.260 1.280 1.540 3.25 2.82 2.89
250 16.79 0.265 1.155 1.420 3.31 2.55 2.66
251 16.90 0.260 0.980 1.240 3.25 2.16 2.32
252 17.01 0.260 0.910 1.170 3.25 2.01 2.19
253 17.12 0.260 0.860 1.120 3.25 1.90 2.10
254 17.23 0.260 0.810 1.070 3.25 1.79 2.00
255 17.34 0.255 0.765 1.020 3.18 1.69 1.91
256 17.45 0.235 0.755 0.990 2.93 1.66 1.86
257 17.56 0.230 0.690 0.920 2.87 1.52 1.72
258 17.67 0.215 0.695 0.910 2.68 1.53 1.71
259 17.79 0.205 0.695 0.900 2.56 1.53 1.69
260 17.90 0.200 0.680 0.880 2.50 1.50 1.65
261 18.01 0.250 0.620 0.870 3.12 1.37 1.63
262 18.12 0.200 0.660 0.860 2.50 1.46 1.61
263 18.23 0.195 0.655 0.850 2.43 1.44 1.59
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Table CL, page 9
Sample cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(FV) APX AP2 APt RFi RF2 RFt
DE-IQNIZED WATER at 60.47 ft/day
264 18.34 0.190 0.620 0.810 2.37 1.37 1.52
265 18.45 0.188 0.602 0.790 2.35 1.33 1.48
266 18.56 0.183 0.597 0.780 2.28 1.32 1.46
267 18.67 0.178 0.602 0.780 2.22 1.33 1.46
268 18.77 0.173 0.607 0.780 2.16 1.34 1.46
T-4127 337
Table C.2 Thesis Sandpack 2: Incremental Pressures,
Resistance Factors and Cumulative Production
page 1
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(FT) A Pi AP2 APt RFX RF2 RFt
#2 DIESEL AT 7.79 ft/day
0 0.00 0.068 0.189 0.257 2.46 5.18 4.01
E-IQNTZTD WATER AT 7.79 ft/day
1 0.07 0.068 0.189 0.257 2.46 5.18 4.01
2 0.14 0.073 0.184 0.257 2.64 5.04 4.01
3 0.21 0.073 0.184 0.257 2.64 5.04 4.01
4 0.29 0.073 0.184 0.257 2.64 5.04 4.01
5 0.36 0.103 0.157 0.260 3.73 4.30 4.05
6 0.43 0.118 0.144 0.262 4.27 3.94 4.08
7 0.50 0.118 0.149 0.267 4.27 4.08 4.16
8 0.57 0.108 0.159 0.267 3.91 4.35 4.16
9 0.64 0.099 0.163 0.262 3.58 4.46 4.08
10 0.71 0.091 0.136 0.227 3.29 3.72 3.54
11 0.78 0.086 0.126 0.212 3.11 3.45 3.30
12 0.85 0.083 0.124 0.207 3.00 3.40 3.23
13 0.93 0.081 0.124 0.205 2.93 3.40 3.20
14 1.00 0.078 0.124 0.202 2.82 3.40 3.15
15 1.07 0.076 0.124 0.200 2.75 3.40 3.12
16 1.14 0.073 0.124 0.197 2.64 3.40 3.07
17 1.21 0.071 0.124 0.195 2.57 3.40 3.04
18 1.28 0.068 0.210 0.190 2.46 5.75 2.96
19 1.35 0.066 0.121 0.187 2.39 3.31 2.91
20 1.42 0.063 0.119 0.182 2.28 3.26 2.84
21 1.49 0.062 0.113 0.175 2.24 3.09 2.73
22 1.56 0.062 0.105 0.167 2.24 2.88 2.60
23 1.63 0.062 0.103 0.165 2.24 2.82 2.57
24 1.71 0.062 0.090 0.152 2.24 2.46 2.37
25 1.78 0.063 0.087 0.150 2.28 2.38 2.34
26 1.85 0.063 0.087 0.150 2.28 2.38 2.34
27 1.92 0.063 0.087 0.150 2.28 2.38 2.34
28 1.99 0.063 0.087 0.150 2.28 2.38 2.34
29 2.06 0.063 0.087 0.150 2.28 2.38 2.34
30 2.13 0.063 0.087 0.150 2.28 2.38 2.34
31 2.20 0.063 0.087 0.150 2.28 2.38 2.34
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Table C2, page 2
Sample Cum.  Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio) -
(IV) APX AP2 APt RFx RF2 RFt
DE—ICNIZED WATER At 7.79 ft/day
32 2.27 0.063 0.087 0.150 2.28 2.38 2.34
33 2.34 0.063 0.087 0.150 2.28 2.38 2.34
34 2.40 0.063 0.087 0.150 2.28 2.38 2.34
2—ICNIZED WATER at 31.18 ft/day
35 2.64 0.150 0.130 0.280 1.36 0.89 1.09
36 2.79 0.160 0.110 0.270 1.45 0.75 1.05
37 2.93 0.150 0.110 0.260 1.36 0.75 1.01
38 3.08 0.140 0.112 0.252 1.27 0.77 0.98
39 3.23 0.134 0.116 0.250 1.21 0.79 0.97
40 3.37 0.124 0.124 0.248 1.12 0.85 0.97
41 3.52 0.114 0.134 0.248 1.03 0.92 0.97
42 3.66 0.108 0.140 0.248 0.98 0.96 0.97
43 3.81 0.114 0.151 0.265 1.03 1.03 1.03
44 3.95 0.109 0.151 0.260 0.98 1.03 1.01
45 4.10 0.108 0.150 0.258 0.98 1.03 1.00
46 4.25 0.107 0.150 0.257 0.97 1.03 1.00
47 4.40 0.106 0.149 0.255 0.96 1.02 0.99
48 4.54 0.104 0.151 0.255 0.94 1.03 0.99
49 4.69 0.102 0.153 0.255 0.92 1.05 0.99
50 4.83 0.101 0.154 0.255 0.91 1.05 0.99
51 4.98 0.100 0.155 0.255 0.90 1.06 0.99
52 5.12 0.099 0.156 0.255 0.89 1.07 0.99
HECNTZFD WATER at 62.27 ft/day
53 5.26 0.214 0.341 0.555 0.97 1.17 1.08
54 5.41 0.214 0.326 0.540 0.97 1.12 1.05
55 5.55 0.221 0.304 0.525 1.00 1.04 1.02
56 5.70 0.224 0.296 0.520 1.01 1.01 1.01
57 5.85 0.224 0.295 0.519 1.01 1.01 1.01
58 6.00 0.223 0.295 0.518 1.01 1.01 1.01
59 6.15 0.221 0.295 0.516 1.00 1.01 1.01
60 6.30 0.221 0.293 0.514 1.00 1.00 1.00
61 6.45 0.221 0.292 0.513 1.00 1.00 1.00
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Table C2, page 3
Sample Cum. — Incremental Pressure Deep—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(IV) APX AP2 APt RFi RF2 RFt
OE-ICNTZED WATER at 124.15 ft/day
62 6.59 0.449 0.771 1.220 1.02 1.32 1.19
63 6.74 0.434 0.776 1.210 0.98 1.33 1.18
64 6.89 0.414 0.776 1.190 0.94 1.33 1.16
65 7.03 0.389 0.791 1.180 0.88 1.35 1.15
66 7.17 0.369 0.801 1.170 0.83 1.37 1.14
67 7.32 0.349 0.801 1.150 0.79 1.37 1.12
68 7.47 0.329 0.801 1.130 0.74 1.37 1.10
69 7.62 0.314 0.796 1.110 0.71 1.36 1.08
'-ICNIZED WATER at 217.9 ft/day
70 7.77 0.524 1.526 2.050 0.68 1.49 1.14
71 7.91 0.484 1.536 2.020 0.63 1.50 1.13
72 8.06 0.454 1.546 2.000 0.59 1.51 1.11
73 8.20 0.434 1.546 1.980 0.56 1.51 1.10
74 8.35 0.414 1.536 1.950 0.54 1.50 1.09
75 8.50 0.409 1.531 1.940 0.53 1.50 1.08
76 8.65 0.399 1.526 1.925 0.52 1.49 1.07
77 8.79 0.394 1.511 1.905 0.51 1.48 1.06
78 8.94 0.386 1.509 1.895 0.50 1.48 1.06
79 9.08 0.384 1.506 1.890 0.50 1.47 1.05
80 9.23 0.381 1.504 1.885 0.49 1.47 1.05
81 9.37 0.376 1.504 1.880 0.49 1.47 1.05
82 9.52 0.274 0.287 0.561 1.98 1.57 1.75
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Table C.3 Thesis Sandpack 3: Incremental Pressures,
Resistance Factors, and Cumulative Production
Table C3, page 1
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio)-
(PV) APi AP2 APt RFx RF2 RFt
#2 DIESEL at 7.78 ft/day
0 0.006 0.034 0.096 0.130 0.40 0.23 0.26
E-ICNIZED WATER at 7.78 ft/day
1 0.154 0.043 0.105 0.148 0.51 0.26 0.30
2 0.305 0.075 0.098 0.173 0.89 0.24 0.35
3 0.453 0.086 0.174 0.260 1.02 0.43 0.53
4 0.606 0.090 0.404 0.494 1.06 0.99 1.00
5 0.759 0.091 0.342 0.433 1.07 0.84 0.88
6 0.911 0.090 0.335 0.425 1.06 0.82 0.86
7 1.062 0.088 0.339 0.427 1.04 0.83 0.86
8 1.213 0.087 0.340 0.427 1.03 0.83 0.86
9 1.364 0.086 0.341 0.427 1.02 0.83 0.86
10 1.513 0.086 0.341 0.427 1.02 0.83 0.86
11 1.662 0.085 0.342 0.427 1.00 0.84 0.86
12 1.810 0.085 0.343 0.428 1.00 0.84 0.87
13 1.959 0.085 0.343 0.428 1.00 0.84 0.87
14 1.971 0.085 0.343 0.428 1.00 0.84 0.87
T O IN FOR 72 HOURS
2-IQNTZED WATER at 6.52 ft/day
15 1.971 0.000 0.000 0.000 0.00 0.00 0.00
16 2.123 0.079 0.359 0.438 1.11 1.05 1.0617 2.272 0.078 0.355 0.433 1.10 1.03 1.0518 2.426 0.079 0.210 0.425 1.11 0.61 1.0319 2.581 0.080 0.341 0.421 1.13 0.99 1.02
20 2.738 0.076 0.342 0.418 1.07 1.00 1.01
21 2.883 0.073 0.343 0.416 1.03 1.00 1.00
22 3.041 0.071 0.343 0.414 1.00 1.00 1.00
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Table C3, page 2
Sample Cum.  Incremental Pressure Dncp—
No. Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio)-
(IV) A Px AP2 APt RFx RF2 RFt
AIR at 7.73 ft/day
23 3.114 0.050 0.325 0.375 0.59 0.80 0.76
24 3.265 0.028 0.282 0.310 0.33 0.69 0.63
25 3.416 0.046 0.329 0.375 0.55 0.81 0.76
26 3.567 0.036 0.302 0.338 0.43 0.74 0.69
27 3.868 0.065 0.273 0.338 0.77 0.67 0.69
28 4.170 0.083 0.255 0.338 0.98 0.63 0.69
29 4.472 0.103 0.325 0.428 1.22 0.80 0.87
30 4.773 0.100 0.298 0.398 1.19 0.73 0.81
31 5.075 0.050 0.288 0.338 0.59 0.71 0.69
32 5.377 0.078 0.400 0.478 0.92 0.98 0.97
33 5.679 0.073 0.355 0.428 0.87 0.87 0.87
34 5.980 0.050 0.328 0.378 0.59 0.81 0.77
35 6.282 0.045 0.313 0.358 0.53 0.77 0.73
36 6.584 0.078 0.425 0.503 0.92 1.04 1.02
37 6.885 0.053 0.332 0.385 0.63 0.81 0.78
38 7.187 0.038 0.290 0.328 0.45 0.71 0.67
39 7.489 0.075 0.420 0.495 0.89 1.03 1.01
40 7.791 0.068 0.422 0.490 0.81 1.04 1.00
41 8.092 0.060 0.330 0.390 0.71 0.81 0.79
42 8.232 0.062 0.363 0.425 0.74 0.89 0.86
ER at 4.03 ft/day plus DE-ICNIZED WATER at 1.97 ft/day
43 8.383 0.055 0.573 0.628 0.84 1.81 1.65
44 8.534 0.073 0.492 0.565 1.12 1.56 1.48
45 8.685 0.070 0.508 0.578 1.07 1.61 1.52
46 8.836 0.060 0.548 0.608 0.92 1.73 1.59
47 8.986 0.063 0.565 0.628 0.96 1.79 1.65
48 9.137 0.055 0.448 0.503 0.84 1.42 1.32
49 9.288 0.080 0.448 0.528 1.22 1.42 1.38
50 9.439 0.075 0.565 0.640 1.15 1.79 1.68
51 9.590 0.073 0.417 0.490 1.12 1.32 1.28
□R at 30.05 ft/day plus DE-ICNTZED 00•i-*s
52 9.813 0.055 0.685 0.740 0.13 0.34 0.31
53 10.037 0.055 0.735 0.790 0.13 0.37 0.33
54 10.260 0.058 0.682 0.740 0.14 0.34 0.31
55 10.483 0.063 0.708 0.771 0.15 0.35 0.32
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Table C3, page 3
Sample Qua. — Incremental Pressure Deep—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(FV) APX AP2 APt RFx RF2 RFt
AIR at 30.05 fty'day plus EE--ICNIZED WATER at 7.78 ft/day
56 10.707 0.062 0.716 0.778 0.15 0.36 0.32
57 10.930 0.060 0.671 0.731 0.15 0.34 0.30
58 11.154 0.064 0.682 0.746 0.15 0.34 0.31
59 11.377 0.070 0.695 0.765 0.17 0.35 0.32
60 11.600 0.055 0.566 0.621 0.13 0.28 0.26
61 11.824 0.080 0.560 0.640 0.19 0.28 0.27
AIR at 134.4 ft/day plus EE--ICNIZED WATER at 31.47 ft/day
62 12.169 0.186 0.967 1.153 0.10 0.11 0.11
63 12.514 0.196 0.969 1.165 0.11 0.11 0.11
64 12.858 0.198 0.980 1.178 0.11 0.11 0.11
65 13.203 0.197 0.983 1.180 0.11 0.11 0.11
66 13.548 0.200 0.984 1.184 0.11 0.11 0.11
67 13.892 0.190 1.000 1.190 0.11 0.11 0.11
68 14.237 0.189 1.007 1.196 0.10 0.12 0.11
69 14.582 0.184 1.025 1.209 0.10 0.12 0.11
70 14.926 0.180 1.035 1.215 0.10 0.12 0.12
71 15.271 0.180 1.035 1.215 0.10 0.12 0.12
AIR at 506.1 ft/day plus EE--ICNIZED WATER at 125.9 ft/day
72 15.518 0.638 1.952 2.590 0.09 0.06 0.06
73 15.772 0.625 2.065 2.690 0.09 0.06 0.07
74 16.026 0.663 4.947 5.610 0.10 0.15 0.14
75 16.273 0.650 4.870 5.520 0.09 0.15 0.14
76 16.521 0.625 4.840 5.465 0.09 0.15 0.14
77 16.768 0.615 4.800 5.415 0.09 0.14 0.13
78 17.016 0.605 4.765 5.370 0.09 0.14 0.13
79 17.263 0.588 4.742 5.330 0.09 0.14 0.13
80 17.511 0.565 4.750 5.315 0.08 0.14 0.13
81 17.758 0.558 4.707 5.265 0.08 0.14 0.13
82 18.006 0.538 4.702 5.240 0.08 0.14 0.1383 18.253 0.530 4.690 5.220 0.08 0.14 0.1384 18.501 0.525 4.690 5.215 0.08 0.14 0.1385 18.748 0.513 4.657 5.170 0.07 0.14 0.13
86 18.996 0.500 4.660 5.160 0.07 0.14 0.1387 19.244 0.495 4.655 5.150 0.07 0.14 0.13
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Table C3, page 4
Sample Cam. — incremental Pressure Deep—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APi ap2 APt RFi rf2 RFt
AIR at 6.00 ft/day plus BIOTERGE PAS--8S at 1.97 ft/day
88 19.420 0.005 0.298 0.303 0.06 0.71 0.60
89 19.595 0.006 0.397 0.403 0.07 0.95 0.80
90 19.748 0.016 0.424 0.440 0.18 1.01 0.87
91 19.896 0.026 0.404 0.430 0.30 0.96 0.85
92 20.044 0.036 0.409 0.445 0.41 0.97 0.88
93 20.189 0.039 0.406 0.445 0.45 0.97 0.88
94 20.334 0.051 0.394 0.445 0.59 0.94 0.88
95 20.478 0.066 0.379 0.445 0.76 0.90 0.88
96 20.623 0.071 0.374 0.445 0.82 0.89 0.88
97 20.768 0.067 0.378 0.445 0.77 0.90 0.88
98 20.913 0.061 0.377 0.438 0.70 0.90 0.86
99 21.057 0.057 0.378 0.435 0.65 0.90 0.86
100 21.202 0.054 0.381 0.435 0.62 0.91 0.86
101 21.347 0.052 0.383 0.435 0.60 0.91 0.86
102 21.491 0.052 0.383 0.435 0.60 0.91 0.86
103 21.636 0.052 0.383 0.435 0.60 0.91 0.86
AIR at 7.90 ft/day
104 21.800 0.003 0.512 0.515 0.03 1.23 1.03
105 21.964 0.002 0.538 0.540 0.02 1.29 1.08
106 22.128 0.002 0.526 0.528 0.02 1.27 1.05
107 22.291 0.002 0.338 0.340 0.02 0.81 0.68
108 22.455 0.005 0.410 0.415 0.06 0.99 0.83
109 22.619 0.025 0.421 0.446 0.29 1.01 0.89
110 22.783 0.025 0.396 0.421 0.29 0.95 0.84
111 22.946 0.034 0.431 0.465 0.40 1.04 0.93
112 23.110 0.021 0.394 0.415 0.24 0.95 0.83
113 23.274 0.019 0.427 0.446 0.22 1.03 0.89
114 23.438 0.026 0.439 0.465 0.30 1.06 0.93
115 23.602 0.019 0.394 0.413 0.22 0.95 0.82
116 23.765 0.021 0.419 0.440 0.24 1.01 0.88
117 23.929 0.025 0.353 0.378 0.29 0.85 0.75
118 24.093 0.016 0.387 0.403 0.19 0.93 0.80
119 24.257 0.017 0.429 0.446 0.20 1.03 0.89
120 24.421 0.019 0.359 0.378 0.22 0.86 0.75
121 24.584 0.026 0.395 0.421 0.30 0.95 0.84
122 24.748 0.027 0.413 0.440 0.31 0.99 0.88
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Table C3, page 5
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(FV) APi _<N<1 APt RFX rf2 RFt
AIR at 5.94 ft/day Plus BIOTERGE EAS-8S at 1.97 ft/day
123 24.914 0.002 0.327 0.329 0.02 0.63 0.52
124 25.081 0.002 0.272 0.274 0.02 0.52 0.44
125 25.247 0.006 0.447 0.453 0.06 0.86 0.72
126 25.413 0.011 0.392 0.403 0.10 0.76 0.64
127 25.579 0.036 0.442 0.478 0.34 0.85 0.76
128 25.746 0.031 0.428 0.459 0.29 0.82 0.73
AIR at 31.20 ft/day plus BIOTERGE PAS-8S at 7.82 ft/day
129 25.972 0.037 0.653 0.690 0.07 0.27 0.23
130 26.199 0.039 0.526 0.565 0.08 0.21 0.19
131 26.426 0.047 0.556 0.603 0.09 0.23 0.20
132 26.652 0.052 0.553 0.605 0.10 0.22 0.20
133 26.879 0.054 0.567 0.621 0.11 0.23 0.21
134 27.106 0.054 0.574 0.628 0.11 0.23 0.21
135 27.332 0.052 0.576 0.628 0.10 0.23 0.21
136 27.559 0.051 0.577 0.628 0.10 0.23 0.21
137 27.785 0.051 0.577 0.628 0.10 0.23 0.21
138 28.012 0.051 0.577 0.628 0.10 0.23 0.21
139 28.239 0.051 0.577 0.628 0.10 0.23 0.21
140 28.465 0.051 0.583 0.634 0.10 0.24 0.21
141 28.692 0.051 0.595 0.646 0.10 0.24 0.22
142 28.919 0.051 0.606 0.657 0.10 0.25 0.22
143 29.146 0.051 0.609 0.660 0.10 0.25 0.22
AIR at 125.1 ft/day plus BIOTERGE PAS-8S at 31.28 ft/day
144 29.450 0.137 1.228 1.365 0.07 0.12 0.11
145 29.754 0.131 1.059 1.190 0.06 0.11 0.10
146 30.058 0.130 1.035 1.165 0.06 0.10 0.10
147 30.362 0.125 1.028 1.153 0.06 0.10 0.10
148 30.667 0.112 1.028 1.140 0.05 0.10 0.10
149 30.971 0.106 0.997 1.103 0.05 0.10 0.09
150 31.275 0.100 0.978 1.078 0.05 0.10 0.09
151 31.579 0.094 0.971 1.065 0.05 0.10 0.09
152 31.883 0.094 0.971 1.065 0.05 0.10 0.09
153 32.187 0.094 0.976 1.070 0.05 0.10 0.09
154 32.491 0.119 0.996 1.115 0.06 0.10 0.09
155 32.797 0.350 0.965 1.315 0.17 0.10 0.11
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Table C3, page 6
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(IV) APX AP2 APt RFx RF2 RFt
AIR at 125.1 ft/day plus BIOTERGE EAS-8S at 31.28 ft/day
156 33.101 0.664 1.001 1.665 0.32 0.10 0.14
157 33.406 0.956 1.054 2.010 0.47 0.11 0.17
158 33.710 1.360 1.055 2.415 0.67 0.11 0.20
159 34.014 1.780 1.020 2.800 0.87 0.10 0.23
160 34.318 2.060 1.140 3.200 1.01 0.12 0.27
161 34.622 2.800 0.715 3.515 1.37 0.07 0.29
162 34.926 2.860 1.005 3.865 1.40 0.10 0.32
163 35.237 3.260 1.030 4.290 1.59 0.10 0.36
164 35.547 3.780 0.920 4.700 1.85 0.09 0.39
165 35.851 4.530 0.670 5.200 2.22 0.07 0.44
166 36.156 5.060 0.510 5.570 2.47 0.05 0.47
167 36.459 5.410 0.670 6.080 2.65 0.07 0.51
168 36.764 5.720 0.670 6.390 2.80 0.07 0.54
169 37.068 6.030 0.670 6.700 2.95 0.07 0.56
170 37.370 6.340 0.610 6.950 3.10 0.06 0.58
171 37.674 6.660 0.670 7.330 3.26 0.07 0.61
172 37.979 6.970 0.660 7.630 3.41 0.07 0.64
173 38.283 7.280 0.610 7.890 3.56 0.06 0.66
174 38.587 7.470 0.670 8.140 3.65 0.07 0.68
175 38.891 7.720 0.630 8.350 3.78 0.06 0.70
176 39.195 8.160 0.480 8.640 3.99 0.05 0.72
177 39.499 8.280 0.610 8.890 4.05 0.06 0.75
MR at 125.1 ft/day plus BIOTERGE PAS-8S with 300 mg/L FLOOCN 
31.28 ft/day
4800 at
178 39.799 2.710 0.550 3.260 1.33 0.06 0.27
179 40.096 5.160 0.920 6.080 2.52 0.09 0.51
180 40.396 6.480 1.100 7.580 3.17 0.11 0.64
181 40.696 10.030 0.750 10.780 4.91 0.08 0.90
182 40.995 11.530 1.020 12.550 5.64 0.10 1.05
183 41.295 12.780 0.800 13.580 6.25 0.08 1.14
184 41.595 13.480 0.720 14.200 6.59 0.07 1.19
185 41.895 14.160 0.670 14.830 6.92 0.07 1.24
186 42.199 14.780 0.770 15.550 7.23 0.08 1.30
187 42.499 15.410 0.790 16.200 7.54 0.08 1.36
188 42.798 15.960 0.820 16.780 7.81 0.08 1.41
189 43.098 16.410 0.890 17.300 8.03 0.09 1.45
190 43.398 16.780 1.000 17.780 8.21 0.10 1.49
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Table C3, page 7
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APX AP2 APt RFx RF2 RFt
ADR at 125.1 ft/day plus BIOTERGE EAS-8S with 300 mg/L FD30CN 4800 at 
31.28 ft/day
191 43.698 17.280 0.970 18.250 8.45 0.10 1.53
192 43.998 17.730 0.920 18.650 8.67 0.09 1.56
193 44.298 18.030 0.920 18.950 8.82 0.09 1.59
194 44.598 18.530 0.920 19.450 9.06 0.09 1.63
195 44.898 18.910 0.890 19.800 9.25 0.09 1.66
196 45.198 19.280 0.850 20.130 9.43 0.09 1.69
197 45.498 19.530 0.920 20.450 9.55 0.09 1.72
198 45.797 19.780 0.920 20.700 9.67 0.09 1.74
199 46.097 20.000 0.950 20.950 9.78 0.10 1.76
200 46.397 20.160 1.040 21.200 9.86 0.11 1.78
201 46.697 20.410 0.970 21.380 9.98 0.10 1.79
202 46.957 20.660 0.990 21.650 10.10 0.10 1.82
AIR at 125.1 ft/day plus DE-ICNIZEDWATER at 31.28 ft/day
203 47.249 8.530 2.250 10.780 4.17 0.23 0.90
204 47.540 2.780 1.320 4.100 1.36 0.13 0.34
205 47.832 1.880 0.670 2.550 0.92 0.07 0.21
206 48.124 1.480 0.870 2.350 0.72 0.09 0.20
207 48.415 1.410 0.740 2.150 0.69 0.07 0.18
208 48.707 1.310 0.640 1.950 0.64 0.06 0.16
209 48.999 1.200 0.600 1.800 0.59 0.06 0.15
210 49.291 1.130 0.660 1.790 0.55 0.07 0.15
211 49.583 1.040 0.740 1.780 0.51 0.07 0.15
212 49.875 1.060 0.690 1.750 0.52 0.07 0.15
213 50.167 1.000 0.700 1.700 0.49 0.07 0.14
214 50.458 0.960 0.690 1.650 0.47 0.07 0.14
215 50.750 0.940 0.690 1.630 0.46 0.07 0.14
216 51.042 0.920 0.660 1.580 0.45 0.07 0.13
217 51.334 0.880 0.670 1.550 0.43 0.07 0.13
218 51.626 0.860 0.660 1.520 0.42 0.07 0.13
219 51.918 0.830 0.670 1.500 0.41 0.07 0.13
220 52.210 0.790 0.660 1.450 0.39 0.07 0.12
221 52.501 0.770 0.650 1.420 0.38 0.07 0.12
222 52.794 0.750 0.550 1.300 0.37 0.06 0.11
223 53.085 0.730 0.550 1.280 0.36 0.06 0.11
224 53.377 0.720 0.530 1.250 0.35 0.05 0.10
225 53.669 0.710 0.540 1.250 0.35 0.05 0.10
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Table C3, page 8
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(P7) APX AP2 APt RFi RF2 RFt
MR at 125.1 ft/day plus DE-ICNIZED WATER at 31.28 ft/day
226 53.961 0.700 0.540 1.240 0.34 0.05 0.10
227 54.253 0.690 0.540 1.230 0.34 0.05 0.10
228 54.398 0.680 0.550 1.230 0.33 0.06 0.10
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Table C.4 Thesis Sandpack 4: Incremental Pressures,
Resistance Factors and Cumulative Production
page 1
Sample cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio) -
(IV) APa AP2 APt RFx RF2 RFt
#2 DIESEL at 31.20 ft/day
0 0.000 0.064 0.374 0.438 0.86 1.34 1.24
DE-IQNIZED WATER at 31.20 ft/day
1 0.139 0.200 0.538 0.738 2.67 1.93 2.08
2 0.281 0.128 0.447 0.575 1.71 1.60 1.62
3 0.422 0.124 0.389 0.513 1.66 1.39 1.45
4 0.565 0.119 0.344 0.463 1.59 1.23 1.31
5 0.709 0.113 0.325 0.438 1.51 , 1.16 1.24
6 0.851 0.111 0.312 0.423 1.48 1.12 1.19
7 0.992 0.108 0.305 0.413 1.44 1.09 1.17
8 1.134 0.106 0.302 0.408 1.42 1.08 1.15
9 1.276 0.105 0.295 0.400 1.40 1.06 1.13
10 1.420 0.104 0.294 0.398 1.39 1.05 1.12
11 1.560 0.102 0.275 0.377 1.36 0.98 1.06
12 1.703 0.100 0.296 0.396 1.34 1.06 1.12
13 1.844 0.098 0.297 0.395 1.31 1.06 1.11
14 1.987 0.097 0.295 0.392 1.30 1.06 1.11
15 2.128 0.095 0.296 0.391 1.27 1.06 1.10
16 2.272 0.094 0.295 0.389 1.26 1.06 1.10
17 2.415 0.092 0.295 0.387 1.23 1.06 1.09
18 2.557 0.091 0.295 0.386 1.22 1.06 1.09
19 2.682 0.091 0.294 0.385 1.22 1.05 1.09
SHUT IN K2R 15 HOURS
20 2.682 0.000 0.000 0.000 0.00 0.00 0.00
DE—IONIZED WATER at 31.25 ft/day
21 2.817 0.090 0.290 0.380 1.20 1.04 1.07
22 2.958 0.086 0.292 0.378 1.15 1.04 1.06
23 3.100 0.084 0.291 0.375 1.12 1.04 1.06
24 3.242 0.082 0.289 0.371 1.09 1.03 1.0525 3.384 0.080 0.288 0.368 1.07 1.03 1.04
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Table C4, page 2
Sanple
No.
Cum. — Incrsnental Pressure Drop—
Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio)-
(FV) APX AP2 APt RFi RF2 RFt
EE-ICNTZFD WATER at 31.25 ft/day
26 3.526 0.079 0.286 0.365 1.05 1.02 1.03
27 3.667 0.078 0.289 0.367 1.04 1.03 1.03
28 3.806 0.076 0.284 0.360 1.01 1.01 1.01
29 3.946 0.075 0.284 0.359 1.00 1.01 1.01
30 4.079 0.075 0.283 0.358 1.00 1.01 1.01
31 4.223 0.075 0.281 0.356 1.00 1.00 1.00
32 4.365 0.075 0.280 0.355 1.00 1.00 1.00
33 4.507 0.075 0.280 0.355 1.00 1.00 1.00
AIR from BOTICM UP at 31.16 ft/day
34 4.791 0.070 0.085 0.155 0.93 0.30 0.44
35 4.795 0.085 0.055 0.140 1.14 0.20 0.40
AIR from TOP DOWN at 31.16 ft/day
36 5.024 0.100 0.018 0.118 1.34 0.06 0.33
37 5.213 0.075 0.020 0.095 1.00 0.07 0.27
38 5.380 0.053 0.040 0.093 0.71 0.14 0.26
39 5.539 0.050 0.040 0.090 0.67 0.14 0.25
40 5.695 0.045 0.040 0.085 0.60 0.14 0.24
41 5.850 0.045 0.043 0.088 0.60 0.15 0.25
42 6.005 0.040 0.048 0.088 0.53 0.17 0.25
43 6.160 0.040 0.048 0.088 0.53 0.17 0.25
44 6.315 0.040 0.053 0.093 0.53 0.19 0.26
45 6.469 0.040 0.051 0.091 0.53 0.18 0.26
46 6.621 0.040 0.050 0.090 0.53 0.18 0.25
47 6.773 0.040 0.049 0.089 0.53 0.18 0.25
48 6.925 0.040 0.048 0.088 0.53 0.17 0.25
49 7.076 0.040 0.048 0.088 0.53 0.17 0.25
50 7.228 0.040 0.048 0.088 0.53 0.17 0.25
AIR at 23.37 ft/day plus DE-IQNIZED WATER at 7.82 ft/day
51 7.346 0.050 0.081 0.131 0.67 0.29 0.37
52 7.456 0.035 0.038 0.073 0.47 0.14 0.21
53 7.571 0.028 0.020 0.048 0.37 0.07 0.14
54 7.705 0.022 0.019 0.041 0.29 0.07 0.12
55 7.846 0.020 0.020 0.040 0.27 0.07 0.11
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Table C4, page 3
Sanple Cum. — Incananental Pressure Dncp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APX AP2 APt RFx RF2 RFt
AIR at 23.37 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
56 7.996 0.014 0.022 0.036 0.19 0.08 0.10
57 8.140 0.011 0.021 0.032 0.15 0.08 0.09
58 8.284 0.009 0.320 0.329 0.12 1.15 0.93
59 8.426 0.006 0.019 0.025 0.08 0.07 0.07
60 8.569 0.005 0.018 0.023 0.07 0.06 0.06
61 8.569 0.000 0.000 0.000 0.00 0.00 0.00
62 8.733 0.100 0.035 0.135 1.34 0.13 0.38
63 8.867 0.108 0.007 0.115 1.44 0.03 0.32
64 9.003 0.110 0.008 0.118 1.47 0.03 0.33
65 9.144 0.109 0.004 0.113 1.46 0.01 0.32
66 9.284 0.100 0.005 0.105 1.34 0.02 0.30
67 9.422 0.100 0.000 0.100 1.34 0.00 0.28
CR at 
at
23.37 ft/day plus 
7.82 ft/day
1.0% BIOTERGE PAS-8S with 300 mg/L FIOOON 4800
68 9.555 0.100 0.008 0.108 1.34 0.03 0.31
69 9.688 0.120 0.010 0.130 1.60 0.04 0.37
70 9.821 0.130 0.013 0.143 1.74 0.05 0.40
71 9.953 0.150 0.013 0.163 2.01 0.05 0.46
72 10.084 0.198 0.007 0.205 2.65 0.03 0.58
73 10.214 0.193 0.045 0.238 2.58 0.16 0.67
74 10.343 0.188 0.037 0.225 2.51 0.13 0.64
75 10.473 0.180 0.070 0.250 2.41 0.25 0.71
76 10.610 0.175 0.113 0.288 2.34 0.40 0.81
77 10.740 0.155 0.158 0.313 2.07 0.57 0.88
78 10.882 0.154 0.166 0.320 2.06 0.59 0.90
79 11.023 0.148 0.167 0.315 1.98 0.60 0.89
80 11.165 0.135 0.178 0.313 1.81 0.64 0.88
81 11.306 0.131 0.182 0.313 1.75 0.65 0.88
82 11.452 0.123 0.190 0.313 1.65 0.68 0.88
83 11.592 0.123 0.190 0.313 1.65 0.68 0.88
84 11.733 0.123 0.190 0.313 1.65 0.68 0.88
85 11.873 0.123 0.190 0.313 1.65 0.68 0.88
86 12.013 0.123 0.190 0.313 1.65 0.68 0.88
87 12.154 0.119 0.244 0.363 1.59 0.87 1.03
88 12.295 0.116 0.290 0.406 1.55 1.04 1.15
89 12.447 0.114 0.280 0.394 1.52 1.00 1.11
90 12.593 0.112 0.269 0.381 1.50 0.96 1.08
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Table C4, page 4
Sanple Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(FV) APX AP2 APt RFx RF2 RFt
AIR at 23.37 ft/day plus 1.0% ETOEERGE PAS-8S with 300 mg/L FEOOCN 4800 
at 7.82 ft/day
91 12.733 0.110 0.265 0.375 1.47 0.95 1.06
92 12.872 0.110 0.262 0.372 1.47 0.94 1.05
93 13.010 0.110 0.259 0.369 1.47 0.93 1.04
94 13.149 0.110 0.257 0.367 1.47 0.92 1.04
95 13.289 0.110 0.253 0.363 1.47 0.91 1.03
96 13.428 0.116 0.247 0.363 1.55 0.88 1.03
97 13.566 0.135 0.228 0.363 1.81 0.82 1.03
98 13.705 0.160 0.193 0.353 2.14 0.69 1.00
99 13.842 0.135 0.194 0.329 1.81 0.69 0.93
100 13.981 0.126 0.199 0.325 1.69 0.71 0.92
101 14.121 0.123 0.205 0.328 1.65 0.73 0.93
102 14.263 0.130 0.199 0.329 1.73 0.71 0.93
103 14.404 0.134 0.196 0.330 1.79 0.70 0.93
104 14.544 0.137 0.194 0.331 1.83 0.69 0.94
105 14.685 0.140 0.191 0.331 1.87 0.68 0.94
106 14.825 0.149 0.182 0.331 1.99 0.65 0.94
107 14.965 0.154 0.177 0.331 2.06 0.63 0.94
UR at 23.37 ft/day plus DE-ICNTZED WATER at 7.82 ft/day
108 15.133 0.123 0.202 0.325 1.65 0.72 0.92
109 15.297 0.115 0.191 0.306 1.54 0.68 0.86
110 15.459 0.110 0.184 0.294 1.47 0.66 0.83
SHOT IN NCR 15 HOURS
111 15.459 0.000 0.000 0.000 0.00 0.00 0.00
AIR at 23.37 ft/day plus DE-ICNIZED WATER at 7.82 ft/day
112 15.688 0.098 0.238 0.336 1.31 0.85 0.95
113 15.850 0.073 0.257 0.330 0.98 0.92 0.93
114 16.006 0.060 0.262 0.322 0.80 0.94 0.91
115 16.168 0.054 0.243 0.297 0.72 0.87 0.84
116 16.333 0.038 0.253 0.291 0.51 0.91 0.82
117 16.498 0.035 0.243 0.278 0.47 0.87 0.79
118 16.662 0.035 0.237 0.272 0.47 0.85 0.77
119 16.827 0.045 0.221 0.266 0.60 0.79 0.75
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Table C4, page 5
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(P7) APX AP2 APt RFx RF2 RFt
AIR at 23.37 ft/day plus EE-ICNIZED WATER at 7.82 ft/day
120 16.992 0.110 0.152 0.262 1.47 0.54 0.74
121 17.155 0.110 0.152 0.262 1.47 0.54 0.74
122 17.317 0.091 0.170 0.261 1.22 0.61 0.74
123 17.481 0.073 0.187 0.260 0.98 0.67 0.73
124 17.645 0.063 0.196 0.259 0.84 0.70 0.73
125 17.806 0.062 0.195 0.257 0.83 0.70 0.73
126 17.967 0.063 0.193 0.256 0.84 0.69 0.72
127 18.129 0.070 0.184 0.254 0.94 0.66 0.72
128 18.290 0.075 0.178 0.253 1.00 0.64 0.71
129 18.452 0.085 0.166 0.251 1.14 0.59 0.71
130 18.618 0.073 0.177 0.250 0.98 0.63 0.71
AIR at 31.16 ft/day
131 18.789 0.066 0.156 0.222 0.88 0.56 0.63
132 18.954 0.035 0.162 0.197 0.47 0.58 0.56
133 19.115 0.020 0.165 0.185 0.27 0.59 0.52
134 19.274 0.023 0.149 0.172 0.31 0.53 0.49
135 19.429 0.041 0.125 0.166 0.55 0.45 0.47
136 19.582 0.048 0.105 0.153 0.64 0.38 0.43
137 19.730 0.029 0.122 0.151 0.39 0.44 0.43
138 19.878 0.020 0.130 0.150 0.27 0.47 0.42
139 20.025 0.020 0.129 0.149 0.27 0.46 0.42
140 20.172 0.035 0.113 0.148 0.47 0.40 0.42
141 20.318 0.060 0.087 0.147 0.80 0.31 0.42
142 20.462 0.079 0.068 0.147 1.06 0.24 0.42
143 20.607 0.075 0.072 0.147 1.00 0.26 0.42
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Table C.5 Thesis Sandpack 5: Incremental Pressures and
Resistance Factor versus Cumulative Effluent
Table C5, page 1
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(IV) APl AP2 APt RFX RF2 RFt
DEIONIZED WATER at 216.5 ft/day
0 0.000 0.162 0.742 0.904 1.36 0.73 0.79
AIR at 216.5 ft£rij§?ct(ed Horizontally)
1 0.245 0.158 0.455 0.613 1.33 0.45 0.54
2 0.451 0.143 0.313 0.456 1.20 0.31 0.40
3 0.594 0.138 0.250 0.388 1.16 0.25 0.34
4 0.734 0.128 0.197 0.325 1.08 0.19 0.29
5 0.868 0.116 0.172 0.288 0.98 0.17 0.25
6 1.002 0.104 0.152 0.256 0.88 0.15 0.22
7 1.137 0.089 0.151 0.240 0.75 0.15 0.21
8 1.271 0.074 0.157 0.231 0.62 0.15 0.20
9 1.405 0.064 0.157 0.221 0.54 0.15 0.19
10 1.543 0.055 0.126 0.181 0.46 0.12 0.16
11 1.678 0.051 0.097 0.148 0.43 0.10 0.13
12 1.811 0.048 0.085 0.133 0.40 0.08 0.12
13 1.943 0.046 0.079 0.125 0.39 0.08 0.11
14 2.075 0.045 0.078 0.123 0.38 0.08 0.11
SHOT IN OVERNIGHT
15 2.075 0.000 0.000 0.000 0.00 0.00 0.00
AIR at 216.5 ft/day (Injected Vertically fran the Top Down)
16 2.215 0.078 0.360 0.438 0.66 0.35 0.38
17 2.359 0.091 0.382 0.473 0.77 0.37 0.42
18 2.504 0.053 0.391 0.444 0.45 0.38 0.39
19 2.646 0.041 0.384 0.425 0.35 0.38 0.37
20 2.785 0.030 0.383 0.413 0.25 0.38 0.36
21 2.923 0.028 0.372 0.400 0.24 0.36 0.35
22 3.060 0.027 0.364 0.391 0.23 0.36 0.34
23 3.197 0.027 0.358 0.385 0.23 0.35 0.34
24 3.331 0.026 0.354 0.380 0.22 0.35 0.33
25 3.467 0.026 0.344 0.370 0.22 0.34 0.32
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Table C5, page 2
Sample cum. — Incremental Pressure Deep—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(FV) APX AP2 APt RFx RF2 RFx
AIR at 216.5 ft/day (Injected Vertically fnem the Top Down)
26 3.603 0.026 0.299 0.325 0.22 0.29 0.29
27 3.735 0.026 0.299 0.325 0.22 0.29 0.29
28 3.867 0.026 0.299 0.325 0.22 0.29 0.29
29 3.999 0.026 0.299 0.325 0.22 0.29 0.29
30 4.131 0.028 0.303 0.331 0.24 0.30 0.29
31 4.263 0.029 0.309 0.338 0.24 0.30 0.30
32 4.396 0.032 0.311 0.343 0.27 0.30 0.30
33 4.529 0.033 0.312 0.345 0.28 0.31 0.30
34 4.661 0.034 0.311 0.345 0.29 0.30 0.30
SHOT IN OVERNIGHT
35 4.670 0.000 0.000 0.000 0.00 0.00 0.00
AIR at 216.5 ft/day (Injected Vertically from the Top Down)
36 4.813 0.040 0.179 0.219 0.34 0.18 0.19
37 4.957 0.043 0.177 0.220 0.36 0.17 0.19
38 5.099 0.045 0.180 0.225 0.38 0.18 0.20
39 5.238 0.045 0.185 0.230 0.38 0.18 0.20
40 5.376 0.050 0.183 0.233 0.42 0.18 0.20
41 5.512 0.055 0.181 0.236 0.46 0.18 0.21
42 5.649 0.060 0.180 0.240 0.51 0.18 0.21
43 5.783 0.063 0.181 0.244 0.53 0.18 0.21
44 5.919 0.064 0.184 0.248 0.54 0.18 0.22
45 6.055 0.065 0.190 0.255 0.55 0.19 0.22
46 6.187 0.068 0.188 0.256 0.57 0.18 0.22
47 6.319 0.069 0.199 0.268 0.58 0.20 0.24
48 6.451 0.070 0.245 0.315 0.59 0.24 0.28
49 6.583 0.089 0.232 0.321 0.75 0.23 0.28
50 6.716 0.089 0.237 0.326 0.75 0.23 0.29
51 6.848 0.090 0.243 0.333 0.76 0.24 0.29
52 6.980 0.091 0.247 0.338 0.77 0.24 0.30
53 7.112 0.093 0.253 0.346 0.78 0.25 0.30
54 7.244 0.094 0.206 0.300 0.79 0.20 0.26
55 7.376 0.094 0.212 0.306 0.79 0.21 0.27
56 7.508 0.113 0.200 0.313 0.95 0.20 0.27
57 7.640 0.119 0.200 0.319 1.00 0.20 0.28
58 7.772 0.108 0.207 0.315 0.91 0.20 0.28
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Table C5, page 3 
Sample Cum.  Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio) -
(IV) APi ap2 APt RFi rf2 RFt
AIR at 216.5 ft/day (Injected Vertically from the Tcp Down)
59 7.904 0.093 0.222 0.315 0.78 0.22 0.28
60 8.039 0.063 0.252 0.315 0.53 0.25 0.28
61 8.173 0.062 0.252 0.314 0.52 0.25 0.28
AIR at 30.89 ft/day (Injected Vertically from the Tcp Down)
62 8.315 0.010 0.228 0.238 0.59 1.57 1.46
63 8.456 0.011 0.202 0.213 0.65 1.39 1.31
64 8.598 0.013 0.181 0.194 0.77 1.24 1.19
65 8.739 0.014 0.167 0.181 0.83 1.15 1.11
66 8.880 0.015 0.160 0.175 0.89 1.10 1.08
67 9.021 0.016 0.150 0.166 0.94 1.03 1.02
68 9.163 0.017 0.146 0.163 1.00 1.00 1.00
AIR at 23.11 ft/day plus 1.0% BrOIERGE PAS 8S with 300 mg/L FDXCN 4800 
at 7.78 ft/day (Injected Vertically from the Top Down)
69 9.304 0.058 0.330 0.388 3.42 2.27 2.39
70 9.445 0.078 0.460 0.538 4.60 3.16 3.31
71 9.586 0.088 0.525 0.613 5.19 3.61 3.77
72 9.757 0.092 0.533 0.625 5.43 3.66 3.85
CR at 23.11 ft/day plus 1.0% BIOIERGE PAS 8S with 300 mg/L FIOOCN 4800
at 7.78 ft/day (Injected Horizontally)
73 9.912 --- 0.863 0.863 --- 5.93 5.31
74 9.912 --- 0.250 0.250 --- 1.72 8.00
75 10.084 --- 0.275 0.275 --- 1.89 1.69
76 10.254 --- 0.325 0.325 --- 2.23 2.00
77 10.431 --- 0.400 0.400 --- 2.75 2.46
78 10.606 --- 0.463 0.463 --- 3.18 2.8511BIS Sand so that Only the Wetting Hiase Pressure
s Measured
79 10.783 --- 0.191 0.191 — 1.31 1.18
80 10.961 --- 0.191 0.191 --- 1.31 1.18
81 11.148 --- 0.191 0.191 --- 1.31 1.18
82 11.314 --- 0.191 0.191 --- 1.31 1.18
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Table C5, page 4
Sample Cum.  Incremental Pressure Drop—
No. Prod. — Between Pressure Taps (psid)-- Resistance Factor (Ratio) -
(IV) APX AP2 APt RFx RF2 RFt
AIR at 23.11 ft/day plus 1.0% BIOEERGE PAS 8S with 300 ng/L FDDOCN 4800 
at 7.78 ft/day (Injected Horizontally)
83 11.480 _ 0.191 0.191 - 1.31 1.18
84 11.652 - 0.191 0.191 - 1.31 1.18
85 11.827 - 0.197 0.197 - 1.35 1.21
86 12.002 - 0.216 0.216 - 1.48 1.33
87 12.179 - 0.209 0.209 - 1.44 1.29
88 12.355 - 0.208 0.208 - 1.43 1.28
89 12.528 0.208 0.208 1.43 1.28
Weak Foam Production Observed
90 12.706 - 0.166 0.166 - 1.14 1.02
91 12.877 - 0.170 0.170 - 1.17 1.05
92 13.052 - 0.170 0.170 - 1.17 1.05
93 13.230 - 0.170 0.170 - 1.17 1.05
94 13.409 - 0.170 0.170 - 1.17 1.05
95 13.586 - 0.170 0.170 - 1.17 1.05
96 13.761 --- 0.170 0.170 --- 1.17 1.05
97 13.935 --- --- - - - ---
98 14.112
Adjustments in Electronics Then Continue
99 14.149 --- --- --- --- --
100 14.346---- --- --- --- --- --
101 14.530---- --- --- --- ---------
102 14.689---- --- --- --- --- --
Further adjustments in Electronics (traction collector is left an)
103 14.865---- --- --- --- --- --
104 14.901---- --- --- --- --- --
105---14.923---- --- --- --- --- --
106 14.924 --  --- --- --- --
107---14.937---- --- --- --- --- --
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Table C5, page 5
Sample Cum.  Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio)-
(PV) APX AP2 APt RFi RF2 RFt
AIR at 23.11 ft/day plus 1.0% BIOTERGE EftS 8S with 300 mg/L FDDOCN 4800 
at 7.78 ft/day (Injected Horizontally)
108 15.129 0.010 0.124 0.134 0.59 0.85 0.82
109 15.304 0.018 0.097 0.115 1.06 0.67 0.71
110 15.478 0.019 0.090 0.109 1.12 0.62 0.67
111 15.652 0.024 0.091 0.115 1.42 0.63 0.71
112 15.827 0.030 0.104 0.134 1.77 0.71 0.82
113 16.001 0.036 0.123 0.159 2.12 0.85 0.98
114 16.181 0.039 0.139 0.178 2.30 0.95 1.10
115 16.360 0.025 0.134 0.159 1.48 0.92 0.98
116 16.536 0.025 0.134 0.159 1.48 0.92 0.98
117 16.711 0.180 0.123 0.303 10.62 0.85 1.86
118 16.886 0.443 0.132 0.575 26.14 0.91 3.54
119 17.061 0.868 0.210 1.078 51.22 1.44 6.63
120 17.236 1.100 0.250 1.350 64.90 1.72 8.31
121 17.411 1.500 0.300 1.800 88.51 2.06 11.08
122 17.587 1.810 0.255 2.065 106.80 1.75 12.71
123 17.760 2.050 0.370 2.420 120.96 2.54 14.89
124 17.934 2.260 0.310 2.570 133.35 2.13 15.82
125 18.110 2.480 0.300 2.780 146.33 2.06 17.11
126 18.285 2.670 0.350 3.020 157.54 2.40 18.58
127 18.460 2.760 0.380 3.140 162.85 2.61 19.32
128 18.633 2.910 0.410 3.320 171.70 2.82 20.43
AIR at 23.11 ft/day plus ! • 09 ft/day (Injected Horizontally)
129 18.833 2.060 0.205 2.265 121.55 1.41 13.94
130 19.015 1.310 0.155 1.465 77.29 1.06 9.02
131 19.199 1.000 0.064 1.064 59.00 0.44 6.55
132 19.376 0.780 0.085 0.865 46.02 0.58 5.32
133 19.551 0.700 0.070 0.770 41.30 0.48 4.74
134 19.727 0.600 0.065 0.665 35.40 0.45 4.09
135 19.900 0.590 0.050 0.640 34.81 0.34 3.94
136 20.076 0.590 0.060 0.650 34.81 0.41 4.00
137 20.245 0.490 0.025 0.515 28.91 0.17 3.17
138 20.401 0.290 0.075 0.365 17.11 0.52 2.25
139 20.580 0.190 0.075 0.265 11.21 0.52 1.63
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Table C5, page 6
Sanple Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(PV) APX AP2 APt RFx RF2 RFt
AIR at 23.11 ft/day plus WATER at 7.78 ft/day (Injected Horizontally)
140 20.758 0.150 0.090 0.240 8.85 0.62 1.48
141 20.936 0.160 0.105 0.265 9.44 0.72 1.63
142 21.114 0.170 0.105 0.275 10.03 0.72 1.69
143 21.263 0.180 0.110 0.290 10.62 0.76 1.78
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Table C.6 Thesis Sandpack 6: Incremental Pressures,
Resistance Factors and Cumulative Production
page 1
Sanple CUm. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(PV) APX AP2 APt RFi RF2 RFt
DE-ICNIZED WATER at 217.1 ft/day (injected from the top down)
0 0.000 0.103 0.535 0.638 1.03 0.92 0.93
AIR at 217.1 ft/day (injected from the tcp down)
1 0.228 0.044 0.771 0.815 0.44 1.32 1.19
2 0.460 0.047 0.716 0.763 0.47 1.23 1.12
3 0.623 0.094 0.644 0.738 0.94 1.10 1.08
4 0.750 0.100 0.608 0.708 1.00 1.04 1.04
5 0.876 0.100 0.595 0.695 1.00 , 1.02 1.02
6 1.000 0.100 0.595 0.695 1.00 1.02 1.02
7 1.123 0.100 0.592 0.692 1.00 1.02 1.01
8 1.247 0.100 0.590 0.690 1.00 1.01 1.01
9 1.369 0.100 0.582 0.682 1.00 1.00 1.00
10 1.491 0.100 0.583 0.683 1.00 1.00 1.00
AIR at 1,513 ft/day (injected frcm the tcp down)
11 1.684 0.194 0.706 0.900 0.28 0.17 0.19
12 2.608 0.192 0.658 0.850 0.28 0.16 0.18
13 3.522 0.182 0.643 0.825 0.26 0.16 0.17
14 4.432 0.181 0.644 0.825 0.26 0.16 0.17
15 5.342 0.180 0.658 0.838 0.26 0.16 0.18
AIR at 2,648 ft/day (injected from the tcp down)
16 6.940 0.219 1.031 1.250 0.18 0.15 0.15
17 8.526 0.220 1.005 1.225 0.18 0.14 0.15
18 10.112 0.220 0.980 1.200 0.18 0.14 0.14
19 11.695 0.220 0.969 1.189 0.18 0.14 0.14
20 13.278 0.220 0.955 1.175 0.18 0.13 0.14
SHOT IN OVERNIGHT
21 13.278 0.000 0.000 0.000 0.00 0.00 0.00
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Table 06, page 2
Sample dm.  Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)-- Resistance Factor (Ratio) -
(PV) A Pi AP2 APt RFx RF2 RFt
MR at 2,648 ft/day (injected frcm the tcp down)
22 14.876 0.188 0.912 1.100 0.15 0.13 0.13
23 16.459 0.185 0.865 1.050 0.15 0.12 0.13
24 18.041 0.178 0.820 0.998 0.15 0.12 0.12
25 19.620 0.169 0.806 0.975 0.14 0.11 0.12
MR at 30.46 ft/day plus 1.0% KEOEERGE PAS 8S + 300 mg/L FLOOCN 4800 at
7.62 ft/day (injected frcm the tcp down)
26 19.812 0.034 0.016 0.050 1.90 0.15 0.41
27 20.005 0.029 0.016 0.045 1.62 0.15 0.37
28 20.197 0.027 0.015 0.042 1.51 0.14 0.34
29 20.390 0.024 0.017 0.041 1.34 0.16 0.34
30 20.605 0.019 0.019 0.038 1.06 0.18 0.31
31 20.842 0.017 0.017 0.034 0.95 0.16 0.28
32 21.073 0.020 0.018 0.038 1.12 0.17 0.31
33 21.304 0.032 0.031 0.063 1.79 0.30 0.52
34 21.561 0.072 0.016 0.088 4.03 0.15 0.72
35 21.802 0.083 0.015 0.098 4.64 0.14 0.80
36 22.041 0.090 0.014 0.104 5.04 0.13 0.85
37 22.280 0.097 0.028 0.125 5.43 0.27 1.02
38 22.518 0.107 0.037 0.144 5.99 0.36 1.18
39 22.753 0.132 0.020 0.152 7.39 0.19 1.25
40 22.987 0.207 0.043 0.250 11.58 0.41 2.05
41 23.222 0.269 0.032 0.301 15.05 0.31 2.47
42 23.465 0.344 0.056 0.400 19.25 0.54 3.28
43 23.702 0.519 0.061 0.580 29.04 0.59 4.75
44 23.929 0.769 0.044 0.813 43.02 0.42 6.66
45 24.160 0.907 0.068 0.975 50.74 0.65 7.99
46 24.388 1.069 0.056 1.125 59.81 0.54 9.22
47 24.612 1.240 0.050 1.290 69.38 0.48 10.57
48 24.841 1.410 0.120 1.530 78.89 1.15 12.53
49 25.060 1.610 0.140 1.750 90.08 1.34 14.34
50 25.301 1.760 0.120 1.880 98.47 1.15 15.40
51 25.552 1.840 0.080 1.920 102.94 0.77 15.7352 25.785 1.820 0.110 1.930 101.83 1.06 15.81
53 26.021 1.920 0.130 2.050 107.42 1.25 16.79
54 26.257 2.040 0.110 2.150 114.13 1.06 17.61
55 26.496 2.140 0.110 2.250 119.73 1.06 18.43
56 26.735 2.270 0.120 2.390 127.00 1.15 19.58
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Table 06, page 3
Sanple cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(PV) APi AP2 APt RFx RF2 RFt
AIR at 30.46 ft/day plus 1.0% ETOIERGE PAS 8S + 300 mg/L FLOOCN 4800 at
7.62 ft/day (injected frcm the tcp down)
57 26.974 2.470 0.120 2.590 138.19 1.15 21.22
58 27.215 2.480 0.110 2.590 138.75 1.06 21.22
59 27.454 2.670 0.240 2.910 149.38 2.30 23.84
60 27.693 2.820 0.140 2.960 157.77 1.34 24.25
61 27.931 2.870 0.090 2.960 160.57 0.86 24.25
62 28.171 2.870 0.090 2.960 160.57 0.86 24.25
63 28.410 2.920 0.200 3.120 163.37 1.92 25.56
64 28.650 3.070 0.140 3.210 171.76 1.34 26.29
65 28.889 3.170 0.120 3.290 177.36 1.15 26.95
66 29.128 3.210 0.130 3.340 179.59 1.25 27.36
67 29.368 3.290 0.160 3.450 184.07 1.54 28.26
IR at 60.92 ft/day plus 1.0% BIOTERGE PAS 8S + 300 mg/L FLOOCN 4800 at
15.23 ft/day (injected frcm the tcp down)
68 29.593 4.680 0.240 4.920 130.94 1.15 20.16
69 29.821 7.000 0.170 7.170 195.86 0.82 29.37
70 30.065 9.180 0.120 9.300 256.85 0.58 38.10
71 30.303 10.430 0.240 10.670 291.83 1.15 43.71
72 30.549 11.000 0.300 11.300 307.78 1.44 46.29
73 30.795 11.620 0.280 11.900 325.12 1.34 48.75
74 31.038 14.050 0.150 14.200 393.11 0.72 58.17
75 31.282 15.600 0.300 15.900 436.48 1.44 65.14
76 31.527 16.600 0.300 16.900 464.46 1.44 69.23
77 31.777 16.900 1.000 17.900 472.86 4.80 73.33
78 32.031 16.900 1.800 18.700 472.86 8.64 76.61
79 32.275 16.800 2.400 19.200 470.06 11.52 78.65
80 32.519 16.700 3.200 19.900 467.26 15.36 81.52
81 32.769 16.600 3.800 20.400 464.46 18.24 83.57
82 33.011 16.100 4.600 20.700 450.47 22.08 84.80
83 33.256 16.000 5.200 21.200 447.68 24.96 86.85
84 33.495 15.800 5.900 21.700 442.08 28.32 88.90
85 33.734 15.700 6.200 21.900 439.28 29.76 89.72
CR at 76.2 ft/day
86 34.018 10.000 4.700 14.700 279.80 22.56 60.22
87 34.304 6.600 1.100 7.700 184.67 5.28 31.54
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Table 06, page 4
Sample cum.  Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid) Resistance Factor (Ratio) -




34.558 4.430 1.490 5.920 123.95 7.15 24.25
89 34.805 2.930 1.240 4.170 81.98 5.95 17.08
90 35.062 1.930 0.990 2.920 54.00 4.75 11.96
91 35.316 1.550 0.820 2.370 43.37 3.94 9.71
92 35.565 1.450 1.000 2.450 40.57 4.80 10.04
93 35.812 1.400 1.080 2.480 39.17 5.18 10.16
94 36.059 1.400 1.120 2.520 39.17 5.38 10.32




36.475 1.150 1.470 2.620 8.80 1.93 2.94
97 36.658 1.180 1.430 2.610 9.03 , 1.88 2.93
98 36.835 1.190 1.380 2.570 9.11 1.81 2.88
99 37.011 1.200 1.300 2.500 9.19 1.71 2.80
100 37.187 1.210 1.310 2.520 9.26 1.72 2.82
101 37.361 1.220 1.380 2.600 9.34 1.81 2.91
102 37.535 1.210 1.410 2.620 9.26 1.85 2.94
103 37.706 1.210 1.460 2.670 9.26 1.92 2.99
104 37.878 1.210 1.510 2.720 9.26 1.98 3.05
105 38.048 1.220 1.510 2.730 9.34 1.98 3.06
106 38.220 1.220 1.510 2.730 9.34 1.98 3.06
107 38.391 1.220 1.510 2.730 9.34 1.98 3.06
108 38.562 1.230 1.500 2.730 9.42 1.97 3.06
109 38.733 1.230 1.500 2.730 9.42 1.97 3.06
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Table C.7 Thesis Sandpack 8: Incremental Pressures,
Resistance Factors and Cumulative Production
page 1
Sanple Cum. — Incrsnesntal Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)-- Resistance Factor (Ratio)-
(IV) APX AP2 APt RFx RF2 RFt
60:40 BLEND of VACUUM RJMP OIL:#2 DIESEL at 31.28 ft/day
0 0.000 0.505 2.635 3.140 38.85 46.23 44.86
DE-IQNTZED WATER at 31.28 ft/day (injected vertically frcm the bottcm up)
1 0.035 0.400 2.480 2.880 30.77 43.51 41.14
2 0.092 0.300 2.300 2.600 23.08 40.35 37.14
3 0.150 0.269 2.031 2.300 20.69 35.63 32.86
4 0.208 0.319 1.841 2.160 24.54 32.30 30.86
5 0.270 0.313 1.717 2.030 24.08 30.12 29.00
6 0.330 0.288 1.592 1.880 22.15 27.93 26.86
7 0.390 0.225 1.530 1.755 17.31 26.84 25.07
8 0.449 0.178 1.423 1.600 13.65 24.96 22.86
9 0.508 0.163 1.417 1.580 12.54 24.86 22.57
10 0.566 0.150 1.400 1.550 11.54 24.56 22.14
11 0.625 0.150 1.330 1.480 11.54 23.33 21.14
12 0.684 0.151 1.269 1.420 11.62 22.26 20.29
13 0.743 0.153 1.227 1.380 11.77 21.53 19.71
14 0.799 0.158 1.182 1.340 12.15 20.74 19.14
15 0.855 0.163 1.167 1.330 12.54 20.47 19.00
16 0.915 0.181 1.129 1.310 13.92 19.81 18.71
17 0.972 0.180 1.110 1.290 13.85 19.47 18.43
18 1.031 0.180 1.070 1.250 13.85 18.77 17.86
19 1.088 0.180 1.030 1.210 13.85 18.07 17.29
20 1.147 0.180 1.000 1.180 13.85 17.54 16.86
21 1.206 0.175 0.985 1.160 13.46 17.28 16.57
22 1.262 0.163 0.977 1.140 12.54 17.14 16.29
23 1.320 0.158 0.952 1.110 12.15 16.70 15.86
24 1.378 0.153 0.937 1.090 11.77 16.44 15.57
25 1.437 0.150 0.930 1.080 11.54 16.32 15.43
26 1.494 0.148 0.912 1.060 11.38 16.00 15.14
27 1.554 0.147 0.893 1.040 11.31 15.67 14.86
28 1.612 0.146 0.884 1.030 11.23 15.51 14.71
29 1.670 0.145 0.865 1.010 11.15 15.18 14.43
30 1.726 0.144 0.856 1.000 11.08 15.02 14.29
31 1.786 0.144 0.856 1.000 11.08 15.02 14.29
T-4127 364
Table C7, page 2
Sanple Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(PV) APX AP2 APt RFi RF2 RFt
DE-ICNIZED WATER at 31.28 ft/day (injected vertically frcm the bottom up)
32 1.845 0.144 0.856 1.000 11.08 15.02 14.29
33 1.903 0.144 0.856 1.000 11.08 15.02 14.29
34 1.959 0.144 0.856 1.000 11.08 15.02 14.29
35 2.009 0.144 0.856 1.000 11.08 15.02 14.29
AIR at 31.28 ft/day (injected frcm the bottom up)
36 2.088 0.038 0.287 0.325 2.92 5.04 4.64
37 2.193 0.015 0.205 0.220 1.15 3.60 3.14
38 2.266 0.013 0.187 0.200 1.00 3.28 2.86
CR at 31.28 ft/day (injected frcm the tcp down)
39 2.360 0.013 0.662 0.675 1.00 11.61 9.64
40 2.463 0.013 0.412 0.425 1.00 7.23 6.07
41 2.539 0.013 0.300 0.313 1.00 5.26 4.47
42 2.609 0.013 0.250 0.263 1.00 4.39 3.76
43 2.676 0.013 0.225 0.238 1.00 3.95 3.40
44 2.740 0.013 0.200 0.213 1.00 3.51 3.04
45 2.803 0.013 0.180 0.193 1.00 3.16 2.76
46 2.865 0.013 0.162 0.175 1.00 2.84 2.50
47 2.927 0.013 0.150 0.163 1.00 2.63 2.33
48 2.988 0.013 0.137 0.150 1.00 2.40 2.14
49 3.594 0.013 0.112 0.125 1.00 1.96 1.79
50 4.185 0.013 0.100 0.113 1.00 1.75 1.61
51 4.775 0.013 0.082 0.095 1.00 1.44 1.36
52 5.362 0.013 0.075 0.088 1.00 1.32 1.26
53 5.947 0.013 0.063 0.076 1.00 1.11 1.09
54 6.531 0.013 0.050 0.063 1.00 0.88 0.90
55 7.114 0.013 0.050 0.063 1.00 0.88 0.90
56 7.698 0.013 0.050 0.063 1.00 0.88 0.90
57 8.280 0.013 0.050 0.063 1.00 0.88 0.90
58 8.861 0.013 0.057 0.070 1.00 1.00 1.00
59 9.442 0.013 0.057 0.070 1.00 1.00 1.00
60 10.023 0.013 0.057 0.070 1.00 1.00 1.00
61 10.604 0.013 0.057 0.070 1.00 1.00 1.00
62 11.184 0.013 0.057 0.070 1.00 1.00 1.00
63 11.764 0.013 0.057 0.070 1.00 1.00 1.00
64 12.344 0.013 0.057 0.070 1.00 1.00 1.00
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Table C7, page 3
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)----Resistance Factor (Patio) -
(PV) APX AP2 APt RFi RF2 PFt
AIR at 31.28 ft/day (injected from the tcp down)
65 12.924 0.013 0.057 0.070 1.00 1.00 1.00
66 13.503 0.013 0.057 0.070 1.00 1.00 1.00
67 14.083 0.013 0.057 0.070 1.00 1.00 1.00
68 14.664 0.013 0.057 0.070 1.00 1.00 1.00
69 15.243 0.013 0.057 0.070 1.00 1.00 1.00
70 15.823 0.013 0.057 0.070 1.00 1.00 1.00
71 16.403 0.013 0.057 0.070 1.00 1.00 1.00
72 16.982 0.013 0.057 0.070 1.00 1.00 1.00
73 16.991 0.000 0.250 0.250 0.00 4.39 3.57
ER at 23.45 ft/day plus 0.6% AES 1215-7P-2ES + 0.4% EIOTERGE PAS 8S at
7.82 ft/day (injected frcm the tcp down)
74 17.173 0.031 0.157 0.188 2.38 2.75 2.69
75 17.348 0.025 0.150 0.175 1.92 2.63 2.50
76 17.536 0.031 0.082 0.113 2.38 1.44 1.61
77 17.764 0.046 0.042 0.088 3.54 0.74 1.26
78 17.997 0.045 0.040 0.085 3.46 0.70 1.21
79 18.229 0.038 0.047 0.085 2.92 0.82 1.21
80 18.458 0.038 0.047 0.085 2.92 0.82 1.21
81 18.691 0.038 0.047 0.085 2.92 0.82 1.21
82 18.918 0.038 0.047 0.085 2.92 0.82 1.21
83 19.152 0.038 0.047 0.085 2.92 0.82 1.21
84 19.383 0.038 0.047 0.085 2.92 0.82 1.21
85 19.618 0.038 0.047 0.085 2.92 0.82 1.21
86 19.847 0.038 0.047 0.085 2.92 0.82 1.21
87 20.070 0.038 0.047 0.085 2.92 0.82 1.21
88 20.292 0.038 0.048 0.086 2.92 0.84 1.23
89 20.514 0.038 0.048 0.086 2.92 0.84 1.23
90 20.736 0.038 0.048 0.086 2.92 0.84 1.23
91 20.963 0.037 0.049 0.086 2.85 0.86 1.23
92 21.183 0.037 0.049 0.086 2.85 0.86 1.23
93 21.410 0.036 0.050 0.086 2.77 0.88 1.23
94 21.630 0.035 0.053 0.088 2.69 0.93 1.26
95 21.855 0.035 0.055 0.090 2.69 0.96 1.29
96 22.081 0.034 0.056 0.090 2.62 0.98 1.29
97 22.301 0.034 0.057 0.091 2.62 1.00 1.30
98 22.522 0.033 0.059 0.092 2.54 1.04 1.31
99 22.750 0.033 0.060 0.093 2.54 1.05 1.33
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Table C7, page 4
Sample Cum. — Incranental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(PV) APX AP2 APt RFi RF2 RFt
AIR at 23.45 ft/day plus 0.6% AES 1215-7P-2ES + 0.4% BIOIERGE PAS 8S at 
7.82 ft/day (injected frcm the tcp down)
100 22.970 0.032 0.062 0.094 2.46 1.09 1.34
101 23.192 0.032 0.063 0.095 2.46 1.11 1.36
102 23.413 0.031 0.065 0.096 2.38 1.14 1.37
103 23.638 0.031 0.066 0.097 2.38 1.16 1.39
104 23.863 0.030 0.068 0.098 2.31 1.19 1.40
105 24.085 0.030 0.069 0.099 2.31 1.21 1.41
106 24.304 0.030 0.070 0.100 2.31 1.23 1.43
107 24.529 0.030 0.080 0.110 2.31 1.40 1.57
108 24.749 0.030 0.081 0.111 2.31 1.42 1.59
109 24.973 0.030 0.081 0.111 2.31 1.42 1.59
110 25.195 0.030 0.082 0.112 2.31 1.44 1.60
111 25.416 0.029 0.084 0.113 2.23 1.47 1.61
112 25.641 0.029 0.084 0.113 2.23 1.47 1.61
AIR at 23.45 ft/day plus DE-IQNIZEDWATER at 7.82 ft/day
113 25.868 0.029 0.081 0.110 2.23 1.42 1.57
114 26.085 0.020 0.080 0.100 1.54 1.40 1.43
115 26.303 0.010 0.090 0.100 0.77 1.58 1.43
116 26.528 0.009 0.091 0.100 0.69 1.60 1.43
117 26.749 0.008 0.092 0.100 0.62 1.61 1.43
118 26.971 0.008 0.092 0.100 0.62 1.61 1.43
119 27.194 0.007 0.093 0.100 0.54 1.63 1.43
120 27.417 0.007 0.091 0.098 0.54 1.60 1.40
121 27.638 0.006 0.091 0.097 0.46 1.60 1.39
122 27.862 0.007 0.090 0.097 0.54 1.58 1.39
123 28.083 0.007 0.089 0.096 0.54 1.56 1.37
124 28.302 0.008 0.088 0.096 0.62 1.54 1.37
125 28.522 0.008 0.088 0.096 0.62 1.54 1.37
126 28.740 0.009 0.086 0.095 0.69 1.51 1.36
127 28.958 0.009 0.086 0.095 0.69 1.51 1.36
128 29.181 0.010 0.085 0.095 0.77 1.49 1.36
129 29.401 0.010 0.085 0.095 0.77 1.49 1.36
130 29.617 0.010 0.084 0.094 0.77 1.47 1.34
131 29.842 0.011 0.082 0.093 0.85 1.44 1.33
132 30.062 0.011 0.081 0.092 0.85 1.42 1.31
133 30.284 0.012 0.079 0.091 0.92 1.39 1.30
134 30.469 0.012 0.078 0.090 0.92 1.37 1.29
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Table C7, page 5
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APX AP2 APt RFx RF2 RFt
AIR at 31.28 ft/day
135 30.688 0.013 0.075 0.088 1.00 1.32 1.26
136 30.910 0.006 0.074 0.080 0.46 1.30 1.14
137 31.149 0.007 0.063 0.070 0.54 1.11 1.00
138 31.754 0.007 0.053 0.060 0.54 0.93 0.86
139 32.350 0.007 0.043 0.050 0.54 0.75 0.71
140 32.941 0.007 0.033 0.040 0.54 0.58 0.57
141 33.529 0.007 0.028 0.035 0.54 0.49 0.50
142 34.115 0.007 0.023 0.030 0.54 0.40 0.43
143 34.701 0.010 0.018 0.028 0.77 0.32 0.40
144 35.284 0.010 0.015 0.025 0.77 0.26 0.36
145 35.867 0.010 0.015 0.025 0.77 0.26 0.36
146 36.450 0.010 0.015 0.025 0.77 0.26 0.36
147 37.032 0.010 0.015 0.025 0.77 0.26 0.36
148 37.613 0.010 0.015 0.025 0.77 0.26 0.36
149 38.195 0.010 0.015 0.025 0.77 0.26 0.36
150 38.776 0.010 0.015 0.025 0.77 0.26 0.36
151 39.357 0.010 0.015 0.025 0.77 0.26 0.36
152 39.937 0.010 0.015 0.025 0.77 0.26 0.36
153 40.518 0.010 0.015 0.025 0.77 0.26 0.36
154 41.097 0.010 0.015 0.025 0.77 0.26 0.36
155 41.676 0.010 0.015 0.025 0.77 0.26 0.36
156 42.256 0.010 0.015 0.025 0.77 0.26 0.36
157 42.835 0.010 0.015 0.025 0.77 0.26 0.36
158 43.413 0.010 0.015 0.025 0.77 0.26 0.36
159 43.992 0.010 0.015 0.025 0.77 0.26 0.36
160 44.570 0.010 0.015 0.025 0.77 0.26 0.36
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Table C.8 Thesis Sandpack 9: Incremental Pressures,
Resistance Factors and Cumulative Production
page 1
Sanple Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APa AP2 APt RFx RF2 RFt
60:40 BLIND of VACUUM RJMP OIL:#2 DIESEL at 31.33 ft/day
0 0.000 0.575 2.925 3.500 15.13 91.41 50.00
DE—IONIZED WATER at 31.33 ft/day (injected vertically frcm the bottom UP)
1 0.035 0.530 3.070 3.600 13.95 95.94 51.43
2 0.092 0.403 2.997 3.400 10.61 93.66 48.57
3 0.150 0.359 2.791 3.150 9.45 87.22 45.00
4 0.207 0.334 2.516 2.850 8.79 78.63 40.71
5 0.266 0.318 2.282 2.600 8.37 71.31 37.14
6 0.324 0.303 2.097 2.400 7.97 65.53 34.29
7 0.384 0.278 2.002 2.280 7.32 62.56 32.57
8 0.447 0.265 1.865 2.130 6.97 58.28 30.43
9 0.505 0.251 1.749 2.000 6.61 54.66 28.57
10 0.564 0.228 1.672 1.900 6.00 52.25 27.14
11 0.622 0.215 1.585 1.800 5.66 49.53 25.71
12 0.678 0.205 1.495 1.700 5.39 46.72 24.29
13 0.735 0.203 1.417 1.620 5.34 44.28 23.14
14 0.794 0.200 1.380 1.580 5.26 43.13 22.57
15 0.851 0.190 1.360 1.550 5.00 42.50 22.14
16 0.909 0.188 1.312 1.500 4.95 41.00 21.43
17 0.966 0.178 1.272 1.450 4.68 39.75 20.71
18 1.024 0.175 1.235 1.410 4.61 38.59 20.14
19 1.080 0.165 1.215 1.380 4.34 37.97 19.71
20 1.138 0.159 1.171 1.330 4.18 36.59 19.00
21 1.195 0.158 1.142 1.300 4.16 35.69 18.57
22 1.251 0.153 1.107 1.260 4.03 34.59 18.00
23 1.309 0.143 1.097 1.240 3.76 34.28 17.71
24 1.365 0.140 1.070 1.210 3.68 33.44 17.29
25 1.423 0.130 1.060 1.190 3.42 33.13 17.00
26 1.479 0.137 1.023 1.160 3.61 31.97 16.57
27 1.538 0.135 1.005 1.140 3.55 31.41 16.29
28 1.591 0.133 0.997 1.130 3.50 31.16 16.14
29 1.647 0.131 0.979 1.110 3.45 30.59 15.86
30 1.703 0.129 0.971 1.100 3.39 30.34 15.71
31 1.758 0.125 0.965 1.090 3.29 30.16 15.57
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Table C8, page 2
Sanple Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(PV) APl AP2 APt RFi RF2 RFt
DE-ICNIZED WATER at 31.33 ft/day (injected vertically frcm the bottcm up)
32 1.814 0.123 0.937 1.060 3.24 29.28 15.14
33 1.870 0.121 0.929 1.050 3.18 29.03 15.00
34 1.926 0.121 0.909 1.030 3.18 28.41 14.71
35 1.984 0.121 0.909 1.030 3.18 28.41 14.71
36 2.020 0.000 0.000 0.000 0.00 0.00 0.00
ER at 31.33 ft/day
37 2.101 0.244 0.231 0.475 6.42 7.22 6.79
38 2.215 0.256 0.119 0.375 6.74 3.72 5.36
39 2.321 0.220 0.093 0.313 5.79 2.91 4.47
40 2.402 0.150 0.125 0.275 3.95 3.91 3.93
41 2.471 0.120 0.135 0.255 3.16 4.22 3.64
42 2.535 0.110 0.128 0.238 2.89 4.00 3.40
43 2.599 0.100 0.125 0.225 2.63 3.91 3.21
44 2.662 0.090 0.110 0.200 2.37 3.44 2.86
45 2.725 0.080 0.095 0.175 2.11 2.97 2.50
46 2.786 0.070 0.080 0.150 1.84 2.50 2.14
47 3.383 0.075 0.063 0.138 1.97 1.97 1.97
48 3.969 0.060 0.053 0.113 1.58 1.66 1.61
49 4.550 0.056 0.044 0.100 1.47 1.38 1.43
50 5.130 0.050 0.045 0.095 1.32 1.41 1.36
51 5.706 0.040 0.040 0.080 1.05 1.25 1.14
52 6.281 0.040 0.040 0.080 1.05 1.25 1.14
53 6.856 0.040 0.040 0.080 1.05 1.25 1.14
54 7.430 0.040 0.040 0.080 1.05 1.25 1.14
55 8.004 0.040 0.040 0.080 1.05 1.25 1.14
56 8.577 0.040 0.040 0.080 1.05 1.25 1.14
57 9.150 0.040 0.040 0.080 1.05 1.25 1.14
58 9.721 0.040 0.040 0.080 1.05 1.25 1.14
59 10.293 0.040 0.040 0.080 1.05 1.25 1.14
60 10.864 0.040 0.040 0.080 1.05 1.25 1.14
61 11.436 0.040 0.040 0.080 1.05 1.25 1.14
62 12.007 0.040 0.040 0.080 1.05 1.25 1.14
63 12.578 0.040 0.039 0.079 1.05 1.22 1.13
64 13.149 0.040 0.038 0.078 1.05 1.19 1.11
65 13.720 0.040 0.037 0.077 1.05 1.16 1.10
66 14.291 0.040 0.036 0.076 1.05 1.13 1.09
67 14.862 0.040 0.036 0.076 1.05 1.13 1.09
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Table C8, page 3
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(PV) APX AP2 APt RFi RF2 EFt
AIR at 31.33 ft/day
68 15.433 0.039 0.035 0.074 1.03 1.09 1.06
69 16.004 0.038 0.035 0.073 1.00 1.09 1.04
70 16.575 0.038 0.035 0.073 1.00 1.09 1.04
71 17.146 0.038 0.035 0.073 1.00 1.09 1.04
72 17.717 0.038 0.039 0.077 1.00 1.22 1.10
73 18.287 0.038 0.034 0.072 1.00 1.06 1.03
74 18.857 0.038 0.033 0.071 1.00 1.03 1.01
75 19.427 0.038 0.033 0.071 1.00 1.03 1.01
76 19.997 0.038 0.032 0.070 1.00 1.00 1.00
77 20.002 0.000 0.000 0.000 0.00 0.00 0.00
AIR at 23.45 ft/day plus (0.6% AES 1215-7P-2ES + 0.4% BIOIERGE PAS 8S + 500 
mg/L FDDOCN 4800) at 7.82 ft/day (injected frcm the tcp down)
78 20.151 0.060 0.350 0.410 1.58 10.94 5.86
79 20.294 0.070 0.410 0.480 1.84 12.81 6.86
80 20.437 0.075 0.495 0.570 1.97 15.47 8.14
81 20.580 0.080 0.530 0.610 2.11 16.56 8.71
82 20.751 0.085 0.555 0.640 2.24 17.34 9.14
83 20.950 0.087 0.583 0.670 2.29 18.22 9.57
84 21.131 0.091 0.589 0.680 2.39 18.41 9.71
85 21.312 0.095 0.585 0.680 2.50 18.28 9.71
86 21.492 0.098 0.582 0.680 2.58 18.19 9.71
87 21.677 0.099 0.581 0.680 2.61 18.16 9.71
88 21.858 0.100 0.580 0.680 2.63 18.13 9.71
89 22.045 0.100 0.580 0.680 2.63 18.13 9.71
90 22.237 0.100 0.580 0.680 2.63 18.13 9.71
91 22.429 0.100 0.580 0.680 2.63 18.13 9.71
92 22.630 0.100 0.570 0.670 2.63 17.81 9.57
93 22.812 0.100 0.570 0.670 2.63 17.81 9.57
94 23.009 0.100 0.570 0.670 2.63 17.81 9.57
95 23.197 0.100 0.560 0.660 2.63 17.50 9.43
96 23.396 0.100 0.560 0.660 2.63 17.50 9.43
97 23.582 0.100 0.560 0.660 2.63 17.50 9.43
98 23.776 0.100 0.560 0.660 2.63 17.50 9.43
99 23.966 0.100 0.560 0.660 2.63 17.50 9.43
101 24.351 0.100 0.560 0.660 2.63 17.50 9.43
102 24.539 0.100 0.560 0.660 2.63 17.50 9.43
103 24.734 0.095 0.565 0.660 2.50 17.66 9.43
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Table C8, page 4
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(FT) APX AP2 APt RFx RF2 RFt
AIR at 23.45 ft/day plus (0.6% AES 1215-7P-2ES + 0.4% BIOTERGE PAS 8S + 500 
mg/L FLOOCN 4800) at 7.82 ft/day (injected frcm the tcp dcwn)
104 24.920 0.090 0.570 0.660 2.37 17.81 9.43
105 25.112 0.081 0.579 0.660 2.13 18.09 9.43
106 25.303 0.081 0.579 0.660 2.13 18.09 9.43
100 24.160 0.100 0.560 0.660 2.63 17.50 9.43
107 25.494 0.081 0.599 0.680 2.13 18.72 9.71
108 25.684 0.080 0.640 0.720 2.11 20.00 10.29
109 25.877 0.078 0.652 0.730 2.05 20.38 10.43
110 26.068 0.078 0.702 0.780 2.05 21.94 11.14
111 26.256 0.076 0.704 0.780 2.00 22.00 11.14
112 26.457 0.074 0.706 0.780 1.95 22.06 11.14
113 26.628 0.072 0.708 0.780 1.89 22.13 11.14
114 26.818 0.069 0.711 0.780 1.82 22.22 11.14
115 27.006 0.069 0.711 0.780 1.82 22.22 11.14
116 27.196 0.069 0.711 0.780 1.82 22.22 11.14
117 27.386 0.069 0.711 0.780 1.82 22.22 11.14
118 27.575 0.069 0.711 0.780 1.82 22.22 11.14
119 27.740 0.069 0.711 0.780 1.82 22.22 11.14
\IR at 23.45 ft/day plus 
tcp down)
DE-ICNIZED WATER at 7.82 ft/day (injected frcm the
120 27.940 0.100 0.700 0.800 2.63 21.88 11.43
121 28.139 0.090 0.710 0.800 2.37 22.19 11.43
122 28.336 0.080 0.700 0.780 2.11 21.88 11.14
123 28.533 0.070 0.640 0.710 1.84 20.00 10.14
124 28.729 0.060 0.590 0.650 1.58 18.44 9.29
125 28.928 0.050 0.490 0.540 1.32 15.31 7.71
126 29.116 0.040 0.420 0.460 1.05 13.13 6.57
127 29.308 0.034 0.396 0.430 0.89 12.38 6.14
128 29.504 0.034 0.356 0.390 0.89 11.13 5.57
129 29.696 0.034 0.346 0.380 0.89 10.81 5.43
130 29.876 0.034 0.336 0.370 0.89 10.50 5.29
131 30.070 0.034 0.336 0.370 0.89 10.50 5.29
132 30.264 0.034 0.336 0.370 0.89 10.50 5.29
133 30.458 0.034 0.336 0.370 0.89 10.50 5.29
134 30.650 0.034 0.336 0.370 0.89 10.50 5.29
135 30.840 0.034 0.326 0.360 0.89 10.19 5.14
136 31.014 0.034 0.326 0.360 0.89 10.19 5.14
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Table C8, page 5
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(FT) A Pi AP2 APt RF-l RF2 RFt
AIR at 31.33 ft/day
137 31.204 0.034 0.326 0.360 0.89 10.19 5.14
138 31.401 0.034 0.316 0.350 0.89 9.88 5.00
139 31.566 0.034 0.316 0.350 0.89 9.88 5.00
140 31.760 0.034 0.316 0.350 0.89 9.88 5.00
141 31.760 0.000 0.000 0.000 0.00 0.00 0.00
142 32.008 0.034 0.216 0.250 0.89 6.75 3.57
143 32.216 0.033 0.167 0.200 0.87 5.22 2.86
144 32.434 0.032 0.158 0.190 0.84 4.94 2.71
145 33.056 0.031 0.149 0.180 0.82 4.66 2.57
146 33.650 0.030 0.140 0.170 0.79 4.38 2.43
147 34.238 0.030 0.130 0.160 0.79 4.06 2.29
148 34.824 0.030 0.120 0.150 0.79 3.75 2.14
149 35.403 0.030 0.111 0.141 0.79 3.47 2.01
150 35.980 0.030 0.109 0.139 0.79 3.41 1.99
151 36.558 0.030 0.108 0.138 0.79 3.38 1.97
152 37.134 0.030 0.108 0.138 0.79 3.38 1.97
153 37.710 0.030 0.108 0.138 0.79 3.38 1.97
154 38.285 0.030 0.108 0.138 0.79 3.38 1.97
155 38.859 0.030 0.108 0.138 0.79 3.38 1.97
156 39.433 0.030 0.108 0.138 0.79 3.38 1.97
157 40.007 0.030 0.108 0.138 0.79 3.38 1.97
158 40.580 0.030 0.108 0.138 0.79 3.38 1.97
159 41.154 0.030 0.108 0.138 0.79 3.38 1.97
160 41.727 0.030 0.108 0.138 0.79 3.38 1.97
161 42.299 0.030 0.108 0.138 0.79 3.38 1.97
162 42.871 0.030 0.108 0.138 0.79 3.38 1.97
163 43.444 0.030 0.108 0.138 0.79 3.38 1.97
164 44.015 0.030 0.108 0.138 0.79 3.38 1.97
165 44.586 0.030 0.108 0.138 0.79 3.38 1.97
166 45.158 0.030 0.108 0.138 0.79 3.38 1.97
167 45.730 0.030 0.108 0.138 0.79 3.38 1.97
T-4127 373
Table C.9 Thesis Sandpack 10s Incremental Pressures, 
Resistance Factors and Cumulative Production
page 1
Sample Cum. — Incremental Pressure Drop—
No. Prod. — Between Pressure Taps(psld)---Resistance Factor (Ratio) -
(PV) APl AP2 APt RFx RF2 RFt
60:40 BLEND of VACUUM R3MP OIL:#2 DIESEL at 31.09 ft/day
0 0.000 0.625 2.665 3.290 48.08 39.78 41.13
DE-ICNIZED WATER at 31.09 ft/day (injected vertically frcm the bottcm UP)
1 0.035 0.710 2.790 3.500 54.62 41.64 43.75
2 0.092 0.530 2.870 3.400 40.77 42.84 42.50
3 0.151 0.470 2.540 3.010 36.15 37.91 37.63
4 0.209 0.430 2.200 2.630 33.08 32.84 32.88
5 0.270 0.410 1.970 2.380 31.54 29.40 29.75
6 0.331 0.380 1.750 2.130 29.23 26.12 26.63
7 0.392 0.360 1.650 2.010 27.69 24.63 25.13
8 0.451 0.330 1.550 1.880 25.38 23.13 23.50
9 0.509 0.310 1.450 1.760 23.85 21.64 22.00
10 0.568 0.300 1.380 1.680 23.08 20.60 21.00
11 0.626 0.280 1.330 1.610 21.54 19.85 20.13
12 0.684 0.260 1.270 1.530 20.00 18.96 19.13
13 0.743 0.260 1.220 1.480 20.00 18.21 18.50
14 0.800 0.250 1.210 1.460 19.23 18.06 18.25
15 0.859 0.240 1.170 1.410 18.46 17.46 17.63
16 0.916 0.240 1.140 1.380 18.46 17.01 17.25
17 0.975 0.230 1.100 1.330 17.69 16.42 16.63
18 1.032 0.230 1.070 1.300 17.69 15.97 16.25
19 1.091 0.220 1.050 1.270 16.92 15.67 15.88
20 1.149 0.220 1.030 1.250 16.92 15.37 15.63
21 1.207 0.220 1.010 1.230 16.92 15.07 15.38
22 1.263 0.210 0.990 1.200 16.15 14.78 15.00
23 1.321 0.210 0.970 1.180 16.15 14.48 14.75
24 1.380 0.200 0.970 1.170 15.38 14.48 14.63
25 1.438 0.200 0.950 1.150 15.38 14.18 14.38
26 1.495 0.200 0.940 1.140 15.38 14.03 14.25
27 1.554 0.200 0.920 1.120 15.38 13.73 14.00
28 1.611 0.190 0.910 1.100 14.62 13.58 13.75
29 1.669 0.190 0.900 1.090 14.62 13.43 13.63
30 1.727 0.180 0.900 1.080 13.85 13.43 13.50
31 1.784 0.180 0.880 1.060 13.85 13.13 13.25
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Table C9, page 2
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio) -
(IV) APX AP2 APt RFi RF2 RFt
S-ICNTZFD WATER at 31.09 ft/day (injected vertically frcm the bottom ip)
32 1.842 0.180 0.870 1.050 13.85 12.99 13.13
33 1.900 0.180 0.860 1.040 13.85 12.84 13.00
34 1.959 0.180 0.850 1.030 13.85 12.69 12.88
35 2.001 0.180 0.850 1.030 13.85 12.69 12.88
[R at 31.09 ft/day (injected frcm the tcp down)
36 2.004 0.000 0.000 0.000 0.00 0.00 0.00
37 2.088 0.113 0.802 0.915 8.69 11.97 11.44
38 2.210 0.069 0.546 0.615 5.31 8.15 7.69
39 2.322 0.044 0.371 0.415 3.38 5.54 5.19
40 2.410 0.031 0.334 0.365 2.38 4.99 4.56
41 2.482 0.030 0.300 0.330 2.31 4.48 4.13
42 2.555 0.029 0.266 0.295 2.23 3.97 3.69
43 2.618 0.029 0.261 0.290 2.23 3.90 3.63
44 2.681 0.028 0.237 0.265 2.15 3.54 3.31
45 3.268 0.028 0.227 0.255 2.15 3.39 3.19
46 3.882 0.027 0.213 0.240 2.08 3.18 3.00
47 4.475 0.025 0.195 0.220 1.92 2.91 2.75
48 5.064 0.023 0.177 0.200 1.77 2.64 2.50
49 5.651 0.021 0.159 0.180 1.62 2.37 2.25
50 6.237 0.020 0.140 0.160 1.54 2.09 2.00
51 6.823 0.018 0.122 0.140 1.38 1.82 1.75
52 7.407 0.016 0.144 0.160 1.23 2.15 2.00
53 7.990 0.015 0.095 0.110 1.15 1.42 1.38
54 8.573 0.015 0.085 0.100 1.15 1.27 1.25
55 9.157 0.014 0.076 0.090 1.08 1.13 1.13
56 9.739 0.014 0.066 0.080 1.08 0.99 1.00
57 10.321 0.013 0.067 0.080 1.00 1.00 1.00
58 10.904 0.013 0.067 0.080 1.00 1.00 1.00
59 11.485 0.013 0.067 0.080 1.00 1.00 1.00
60 12.067 0.013 0.067 0.080 1.00 1.00 1.00
61 12.648 0.013 0.067 0.080 1.00 1.00 1.00
62 13.229 0.013 0.067 0.080 1.00 1.00 1.00
63 13.810 0.013 0.067 0.080 1.00 1.00 1.00
64 14.392 0.013 0.067 0.080 1.00 1.00 1.00
65 14.973 0.013 0.067 0.080 1.00 1.00 1.00
66 14.973 0.000 0.000 0.000 0.00 0.00 0.00
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Table C9, page 3
Sample cum. — Incremental Pressure Drcp—
No. Prod. —Between Pressure Taps(psid)-------Resistance Factor (R atio)-
(PV) APX AP2 APt RFi RF2 RFt
AIR at 23.32 ft/day plus 1.0% CHASER SD-1000 + 500 mg/L FIOCCN 4800 at 7.77 
ft/day (injected vertically from the tcp dcwn)
67 15.132 0.400 0.200 0.600 30.77 2.99 7.50
68 15.277 0.353 0.322 0.675 27.15 4.81 8.44
69 15.423 0.300 0.425 0.725 23.08 6.34 9.06
70 15.577 0.253 0.522 0.775 19.46 7.79 9.69
71 15.779 0.240 0.550 0.790 18.46 8.21 9.88
72 15.964 0.230 0.600 0.830 17.69 8.96 10.38
73 16.145 0.220 0.630 0.850 16.92 9.40 10.63
74 16.327 0.210 0.660 0.870 16.15 9.85 10.88
75 16.514 0.190 0.710 0.900 14.62 10.60 11.25
76 16.708 0.190 0.710 0.900 14.62 10.60 11.25
77 16.906 0.190 0.680 0.870 14.62 10.15 10.88
78 17.099 0.190 0.660 0.850 14.62 9.85 10.63
79 17.290 0.190 0.640 0.830 14.62 9.55 10.38
80 17.482 0.190 0.585 0.775 14.62 8.73 9.69
81 17.674 0.190 0.580 0.770 14.62 8.66 9.63
82 17.869 0.190 0.570 0.760 14.62 8.51 9.50
83 18.062 0.190 0.560 0.750 14.62 8.36 9.38
84 18.256 0.190 0.550 0.740 14.62 8.21 9.25
85 18.452 0.190 0.545 0.735 14.62 8.13 9.19
86 18.646 0.190 0.543 0.733 14.62 8.10 9.16
87 18.840 0.190 0.540 0.730 14.62 8.06 9.13
88 19.034 0.190 0.538 0.728 14.62 8.03 9.10
89 19.227 0.190 0.536 0.726 14.62 8.00 9.08
90 19.423 0.190 0.535 0.725 14.62 7.99 9.06
91 19.619 0.192 0.533 0.725 14.77 7.96 9.06
92 19.810 0.193 0.532 0.725 14.85 7.94 9.06
93 20.011 0.195 0.530 0.725 15.00 7.91 9.06
94 20.203 0.197 0.528 0.725 15.15 7.88 9.06
95 20.399 0.197 0.528 0.725 15.15 7.88 9.06
96 20.589 0.199 0.526 0.725 15.31 7.85 9.06
97 20.782 0.199 0.526 0.725 15.31 7.85 9.06
98 20.976 0.199 0.526 0.725 15.31 7.85 9.06
99 21.168 0.200 0.525 0.725 15.38 7.84 9.06
100 21.365 0.200 0.525 0.725 15.38 7.84 9.06
101 21.559 0.200 0.525 0.725 15.38 7.84 9.06
102 21.753 0.200 0.525 0.725 15.38 7.84 9.06
103 21.948 0.200 0.525 0.725 15.38 7.84 9.06
104 22.144 0.200 0.525 0.725 15.38 7.84 9.06
T-4127 376
Table C9, page 4
Sanple Cum. — Incremental Pressure Drcp—
No. Prod. — Between Pressure Taps(psid)---Resistance Factor (Ratio)-
(FV) APX AP2 APt RFx RF2 RFt
AIR at 23.32 ft/day plus 1.0% CHASER SD-1000 + 500 mg/L FLOOCN 4800 at 7.77 
ft/day (injected vertically frcm the tcp dcwn)
105 22.318 0.200 0.525 0.725 15.38 7.84 9.06
106 22.318 0.000 0.000 0.000 0.00 0.00 0.00
MR at 23.32 ft/day plus DE-ICNTZED WATER at 7.77 ft/day (injected
vertically frcm the tcp dcwn)
107 22.531 0.250 0.550 0.800 19.23 8.21 10.00
108 22.734 0.156 0.644 0.800 12.00 9.61 10.00
109 22.934 0.125 0.625 0.750 9.62 9.33 9.38
110 23.141 0.100 0.600 0.700 7.69 8.96 8.75
111 23.346 0.092 0.558 0.650 7.08 8.33 8.13
112 23.551 0.090 0.510 0.600 6.92 , 7.61 7.50
113 23.735 0.090 0.460 0.550 6.92 6.87 6.88
114 23.918 0.090 0.410 0.500 6.92 6.12 6.25
115 24.110 0.090 0.335 0.425 6.92 5.00 5.31
116 24.309 0.090 0.340 0.430 6.92 5.07 5.38
117 24.510 0.092 0.348 0.440 7.08 5.19 5.50
118 24.709 0.094 0.396 0.490 7.23 5.91 6.13
119 24.908 0.095 0.445 0.540 7.31 6.64 6.75
120 25.107 0.097 0.503 0.600 7.46 7.51 7.50
121 25.306 0.098 0.482 0.580 7.54 7.19 7.25
122 25.490 0.099 0.451 0.550 7.62 6.73 6.88
123 25.641 0.100 0.430 0.530 7.69 6.42 6.63
124 25.846 0.103 0.407 0.510 7.92 6.07 6.38
125 26.048 0.105 0.285 0.390 8.08 4.25 4.88
126 26.223 0.106 0.382 0.488 8.15 5.70 6.10
127 26.223 0.000 0.000 0.000 0.00 0.00 0.00
MR at 31.09 ft/day (injected vertically frcm the tcp dcwn)
128 26.453 0.090 0.048 0.138 6.92 0.72 1.73
129 26.663 0.080 0.040 0.120 6.15 0.60 1.50
130 27.266 0.050 0.063 0.113 3.85 0.94 1.41
131 27.861 0.030 0.060 0.090 2.31 0.90 1.13
132 28.456 0.025 0.055 0.080 1.92 0.82 1.00
133 29.046 0.020 0.060 0.080 1.54 0.90 1.00
134 29.633 0.020 0.060 0.080 1.54 0.90 1.00
135 30.221 0.020 0.060 0.080 1.54 0.90 1.00
T-4127 377
Table C9, page 4
Sample Cum. — Incremental Pressure Drcp—
No. Prod. — Betwaen Pressure Taps(psid)---Resistance Factor (Ratio) -
(FV) A P-l AP2 APt RFx RF2 RFt
AIR at 31.09 ft/day (injected vertically frcm the tcp dcwn)
136 30.809 0.020 0.060 0.080 1.54 0.90 1.00
137 31.394 0.020 0.060 0.080 1.54 0.90 1.00
138 31.979 0.020 0.060 0.080 1.54 0.90 1.00
139 32.564 0.020 0.060 0.080 1.54 0.90 1.00
140 33.148 0.020 0.060 0.080 1.54 0.90 1.00
141 33.733 0.020 0.060 0.080 1.54 0.90 1.00
142 34.316 0.020 0.060 0.080 1.54 0.90 1.00
143 34.898 0.020 0.060 0.080 1.54 0.90 1.00
144 35.481 0.020 0.060 0.080 1.54 0.90 1.00
145 36.062 0.020 0.060 0.080 1.54 0.90 1.00
146 36.644 0.020 0.060 0.080 1.54 0.90 1.00
147 37.225 0.020 0.060 0.080 1.54 0.90 1.00
148 37.807 0.020 0.060 0.080 1.54 0.90 1.00
149 38.390 0.020 0.060 0.080 1.54 0.90 1.00
150 38.972 0.020 0.060 0.080 1.54 0.90 1.00
